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PREFACE 


By chance, the second volume of this work, namely that in which the reversible systems 
are treated, appeared in 1949, and now the work has been completed by the appearance 
of the first volume in which irreversible systems are dealt with. In the second volume 
I wrote a Preface, which is now, in the main, repeated, thus acting as an introduction 
to both volumes. 


The need for a collective work on the science of colloids formed a subject of 
discussion between the publishers of this work and myself shortly before the outbreak 
of the Second World War. The first preparations were brought to an end by the world 
events, in view of the fact that all possibility of contact with foreign colleagues had 
been broken. When the war continued year after year, the question arose whether 
we could restrict ourselves to Dutch collaborators and in 1944 I sent a request to a 
number of my fellow-countrymen to rake this work in hand. It was immediately 
apparent that this plan was received with enthusiasm and most of those who now 
collaborate in this work met to devise a plan of campaign; a few others, whom we 
invited to do so, joined us later. 

In our first discussion two points especially occupied our attention. In the first 
place the question was asked whether “colloid science" is an adequately definable 
concept. In the second place the question arose whether colloid science is a sufficiently 
homogeneous domain so that the work could be knit together by a general line of 
thought and would not degenerate into a collection of separate communications 
without inner coherence. 

We believed that both questions can be answered in the affirmative. To be 
sure each classification of science has always a restricted significance, because it 
ruptures general connections more or less arbitrarily but the method of human diought 
does call for classification. Colloidal systems are characterised by their possession of 
large kinetic units; there is undoubtedly continuity between the behaviour of large 
and small kinetic units but there are sufficiently salient differences between the 
extremes to divide the treatment without, however, losing sight of the connections. 

We believe that we must also answer in the affirmative the question whether 
sufficient harmony exists within the domain of systems with large kinetic units and 
we are of the opinion that it serves a useful purpose just now to try to accentuate 
that harmony. Many modern books in the domain of colloid science have a mono¬ 
graphic character and the impression is created that (here is no connection between 
ffie “classical" colloid science as typified by Freundlich’s Colloid and Capillary 
Chemistry and the whole domain of macromolecular compounds which has developed 
so greatly m the last two decennia. 


Nevertheless there is that harmony although the behaviour of the systems with 
large kinetic units is so diverse that one is inclined to lose sight of the connection. 
We are of the opinion that the following classification must be kept in mind. 

In the first place one should distinguish reversible and irreversible systems 
that IS to say. colloid systems which can undergo pli.ise change or phase sep.uation 
reversibly or otherwise. A thermodynamically definable stability difference is thuN 
the basis of this classification. It is for this reason more logical than the old classi- 
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groups a second distinction can be made, namely whether 

in the brt‘7se''nse Th^""' Z electrolytic character, taking this term 

Ih/.Lt ^ Ki , irreversible systems have an electrolytic character in which 
the electric double layer plays a great part, as well as the protein systems which for 

will often bebn^to tr^''^^ synthesized macromolecular substances 

will Often belong to the reversible systems without electrolytic character. 

remams in diversity which is recognised on the basis of this classification, there 
remains an enormous nuniber of properties which these systems have in common 
and which are just connected with the fact that they are built up from large kinetic units. 

For practical reasons it appeared desirable to divide this work into two volumes: 
the mam division's this, that Volume I, after a general introduction, deals with the 

Macromolecular and Association Colloids, deals with 

,n ,h jn' to this first volume are after all not the same as those mentioned 

TR^r%Tpf /F (Eindhoven) and Dr S. A. 

1 ROELSTRA (Eindhoven) are not mentioned as authors. Actually they did not have the 

intended for them but they have been consulted by 
OVERBEEK and JONKER many times. Accordingly, they are not authors, but we are very 
grateful to them for their spiritual assistance. ^ 

Anyone who examines the contents of this book will decide that this work does 

TlihZ7.\l x!!' of colloid science This may readily be conceded and was done 
del bcrately. We have been conscious from the beginning that a sufficiently expert 
collaborator was not to be found within our circle for every branch; I may mention 
the disperse systems in gaseous media as an example. In such cases we have deliberately 
waived the treatment of them. In addition there are branches about which excellent 
monographs exist; as an example I may mention the application of the ultracenirifuge. 
In such cases we arranged to treat the subject only in so far as it demanded discussion 
in a general way and for the rest to refer to these monographs. 

The division of the treatment is made throughout according to general phenomena. 

1 he examples are taken each time from those systems in which the phenomenon is 
shown most characteristically or has been studied most satisfactorily. A systematic 
treatment of the properties of particular substances or systems (for example, of the 
proteins) is not to be expected in these volumes. 

The present work has no pretention of being a complete treatise. It is only meant 
to be a guide to the domain of colloid science with the subject of providine a 
stimulus m the branch of research with which it deals. 

A single word to account for the introduction which I wrote in this first volume 
I read recently that the overtures to the old Italian operas had no intrinsic con¬ 
nection with the following opera, but only served to draw the attention of the audience 
to the fact that they must cease babbling, because the piece has begun The later 
overtures, especially the French, were intended to make the listeners conversant 
with the meanings and the motives, the themes of the work. My “overture” stands; 
to some degree, between the two. It too is intended to beg scientists, who discuss 
other subjects, to forsake their talking and to listen to the “opera” of mv col 

‘ h.irhrH- will help outsiders to understand what 

.hall be discussed here by letting them hear some themes. My musical comparison 
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breaks down, however, when I say that it also must serve to achieve that certain con¬ 
siderations, which otherwise would have to be repeated in different chapters, are 
finally settled in this introduction. 

It is a pleasure to express my gratitude to those who have written the greater 
part of this work and with whom it has been a joy to be associated. I must however 
express a separate word of thanks to Prof. Overbeek who, when I had left the Uni¬ 
versity of Utrecht and was too much occupied with other work, took upon himself 
the actual editing of this work. 

The Hague, May 1952. H. R. Kruyt. 
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I. GENERAL INTRODUCTION 


H. R. Kruyt 
The Hague 


§ 1. POSITION OF COLLOID SCIENCE IN THE NATURAL SCIENCES 


a. Unity and diversity in science 

In science one attempts to approach the truth along the path of reason. One 
observes reality, seeks the logical connection of the events, and attempts to bring the 
greatest possible diversity of contingencies under a common denominator; there is 
but one truth and one must thus believe in the possibility of being able to understand 
all things in their mutual connection. But in the first instance success is not achieved; 
certain logical principles may have a general validity, the more general they are, the 
less they have to say in special cases. Up to now one has therefore had to be satisfied 
with understanding logical connection within separate domains in which one accepts 
certain hypotheses of primary importance for that domain. Thus the standards are 
different in natural science, in economics, in legal and linguistic studies and in theology. 

Even within these special sciences there is, in the first instance, still no unity; 
the natural sciences, for example, may exhibit the common tendency of wishing to 
bring everything within the scope of mechanics, though already in biology one cannot 
reduce the phenomena directly to mechanical causes and one therefore accepts 
standards which are specifically biological. Then there are border-line regions within 
which common standards are valid: physiology is more closely related to physics 
and chemistry than, for example, genetics; but one tries continually to emancipate 
oneself from special principles and to survey everything as far as possible from common 
points of view. Physics and chemistry in the nineteenth century were still sciences 
which had hardly any fundamental principles in common; the classical physical che¬ 
mistry of the end of that century provided a bridge, and the development of modern 
physics has brought these sciences much closer together so that physical chemistry 
and chemical physics are accepted names and concepts. 

In the same way ilie study of colloids has initially had its own sphere, since the 
behaviour had no physical basis and all criteria, which chemistry lays down for the 
characterisation of its objects and their behaviours, proved to be inadequate. 


b. Historical de\cIopnicnt of colloid science 

b. 1. Morphology 

Between 1770 and 1840 inorganic and organic chemistry had, under the influence 
of men such as Lavoisikr, Bkpzfuus, Likbig, WiniLLR, Damon. Avogadbo Davy 
and others, achieved the form which they still have at present though enormously 
further developed. This chemistry restruied itself, however, in the mam to subsiames 
which could be studied m the vapour state or in solution and which in the solid st ite 



usually exhibited the crystalline form; they were substances which we now know to 
have relatively low molecular weights. 

In the forties of that century papers began to appear which not only contain 
investigations of systems which do not fit into this category but which also make a 
first attempt at the explanation of their behaviour >. 

Selmi {1845 and later) points out that silver chloride does indeed give clear 

r similar substances) but that^they are 

f ^ "demulsions” in analogy to emulsions which 

ntain liquid in a fine state of division); he considers that they can be included in 
one group with albumin and starch solutions. He thus considers that in all these 
n® Jspersion which is not molecular but coarser. Baudrimont 
(1846), who argues more biologically, considers the ordinary substances of organic 

^bumin'^h moleculaires ou definis” but gum arabic, pectin, casein, 

albumin, fibrin and gelatine to be corps particulaires”, that is to say, constructed 
from larger, complex particles which complexes can expand to tissues and higher 
organs. Graham (1861) considers the above-mentioned inorganic and organic fub- 
stances, for which he has introduced the word "colloid”, to be characterised by two 
properties: their non-crystaihmty in the solid state and their slow rate of diffusion in 
tne sol state. This latter property again leads to the hypothesis that in the soU 
there exists a dispersion into coarser aggregates than in ordinary solutions. 

NAGELi (1858 and later ») introduces the concept "micelle” for a polymolecular 
apregate which has internal crystal structure; the solid colloids are "Micellverbande”, 
the sols Micellarlosungen". In contrast to crystals which also have external crystal 
structure, they form non-stoichiometric compounds with the medium (water). Van 
Behmelen (1877 and later =) has confirmed this latter point for many gels by the 
introduction of adsorption as the explanatory principle (he still speaks of absorption); 
in th^ case we therefore find the introduction of boundary surface phenomena. 

I i u ultramicroscope by Siedentopf and Zsigmondy in 1903 

placed the fact that gold sols contain particles the size of which depended on the method 
of prepamtion beyond all doubt *. When soon after this (1908), thanks to the investiga- 
tions of Perrin , the size of molecules and atoms became known and indeed in a way 
which illustrated continuous transitions between molecules and larger particles 
( rownian motion), the character of colloids as a dispersion intermediate between 
molecular dispersion and that of coarse suspensions was generally accepted. 

When now at the beginning of the twentieth century textbooks on colloid science 
bepn to appear, the standpoint is generally that colloidal solutions are dispersions of 
polymolecular aggregates. In Freundlich's "Kapillarchemie” •> emphasis is indeed 


Th. Th. Graham, M. Faraday and others in E. Hatschek, 

the sfconin^nfl A. Baudrimont is to be found in 

* Par.. .846, a„d P. BaKv, Lesor.g^n.s 

Dresd7rI'l9'lo"°'‘^ chemistry publications are to be found in J. M. van Bemmelen, Die Absorption, 

^ \^^°^°^^’^‘^’'^^f^^'tntnissderKolloide.Jenz 1905. English translation by I Alexander 

Colloids and the uUramicroscope, New York 1909. ^ ^ ^ Alexander, 

See J. Perrin, Les atomes, Paris 1913. 

" H. Freundlich, Kapillarchemie, 1st ed., Leipzig, 1909. 
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laid on the large boundary surfaces within the colloid systems and the significance 
of the boundary surface energy (especially its consequence: the adsorption) is brought 
out clearly. As already stated one thought of polymolecular aggregates, although very 
large molecules would naturally also show the slow diffusion which had been recognised 
since Graham as characteristic of colloids. But for the inorganic colloids the small 
molecular weights were established a priori and thus the demand of polymolecularity 
was imperative; the molecular weight of the biocolloids (proteins, higher carbohy¬ 
drates, etc.) was not known, synthetic high molecular substances were just as un¬ 
known, so the analogy with the inorganic colloids resulted in a tendency to regard 
the micelles of these systems as polymolecular. 

In the last twenty-five years > however, things have changed appreciably. In the 
first place it has been possible by continued polymerisation or condensation of low 
molecular substances to make others of progressively higher molecular weight; the 
study of these model colloids furnished new methods for the determination of the 
molecular weights of such macro-molecular substances and it is now established that 
many biocolloids have single large molecules dispersed in solution. 


b. 2. Stability 

In the last part of the nineteenth and the beginning of the twentieth century the 
question became acutely prominent as to what one must attribute the stability of 
colloids (at any rate if one may use the word stability with respect to colloids). Inves¬ 
tigations of Schulze * and of Linder and Picton * had shown that a part of the 
colloidal solutions is extremely sensitive to small amounts of electrolyte. These colloids 
have in the course of years had the names suspensoids, hydrophobic, lyophobic, 
inorganic, irreversible and irresoluble colloids. During the same period attention 
was drawn to the fact that the particles of these colloids move in an electric field * 
(cataphoresis, electrophoresis). 

It appeared that the influence of the flocculating salts (apart from certain 
exceptions) was governed by the valency of the ion charged oppositely to the sol 
particle and indeed m a way which far exceeds the direct proportionality to the valency. 
(Later called: the Schulze-Hardy rule). Hardy ‘ pointed out in 1900 that the 
stability of these sols is closely connected with their electrophoretic mobility. Interest 
was thereby awakened in electrokinetic processes * and the influence on them of electro¬ 
lytes; for the explanation of the latter Freundlich m his textbook mentioned above 
sought especially at first to make the adsorption responsible. 

The behaviour of the biocolloids was quite different; they are only flocculated 
by electrolytes when the latter are present in large concentrations and although it 
therefore appeared that they differed fundamentally from the previous group, Kruyt 
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‘ Sec for example H. Staudinoer, Organische Kollotdchemie, Brunswick 1941 
* H. Schulze. J. prakt. Chtm.. (2) 25 (1882) 431; 27 (1883) 320. 

’S. E. Linder and H. Picton, J. Chem. Soc.. 67 (1895) 62; 87 (1905) 1906 
‘S.E. Linder and H. Picton,;. Cham.Soc., 61 (1892) 148; 71 (1897) 568; R.‘Zsigmondy L 
nn. Chem. 301 (1898) 29. 


iebigs 


‘ W. B. Hardy. Proc. Poy. Soc. London, 66 (1900) 110; Z. phyuk. Chem., 33 (1900) 385. 

I-, ’ 2 (1904) 601; 3 (1905) 50; E. F. Burton. Phil. Mag., (6) 11 (1906) 425' 

12 (1906) 472; 17 (1909) 583; G. von Ei issafoff. Z. physik. Chem.. 79 (1912) 385• H R Kruyt 
Proc. Kontnkl. Akad. Weienuhap, 17 (1914) 615; 19 (1917) 1021; KoUoid-Z.. 22 (1918) 82. 
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and Bungenberg de Jong ‘ established that their electrical behaviour certainly did not 

Zrj'' ® n described systems. The stability of these sols must, 

according to them, following an older investigation of Scarpa be attributed to the 
interaction with the medium (hydration, solvation). 

The stability of macromolecular colloids, which have been prepared by organic 
synthesis, appears to be entirely attributable to interaction with the medium. A sub¬ 
stance such as monostyrene is miscible with benzene and the macromolecular polymers 
same solvem remam, at least up to a certain size of molecule, soluble in the 

In the system of the physical chemistry as it had developed in the last quarter 
of the nineteenth century under the influence of van't Hoff, Arrhenius and Ostwald, 
no place could at first be found for all these colloidal systems. They showed hardly 
any osmotic pressure, no rise of the boiling point or lowering of the freezing point 
and the ionic conductivity of the electrolyte solutions appeared to show no analogy 
to the unidirectional electrophoresis of the colloids. 

Various sols could undergo a change of state which is characterised as gelation, 
borne co loids were even known mainly only in the gel form. While in flocculation the 
colloidally dispersed substance separates out from its medium in a coarsened form, 
in gelation the whole system sets to a united, apparently homogeneous mass (’’prise 
^ masse ). This tendency to solidification in a non-crystalline state strengthened 
Oraham in his antagonism between colloidal and crystalline matter, especially by his 
investigations on gelatinizing silicic acid sol. 


c. Present characteristics of colloid science 
c. 1. Justification of a colloid science 

From the previous paragraph is to be seen how over a long period experience in 
the domain of colloids did not fit into the general framework of physics and chemistry, 
and how, to explain it, hypotheses had to be introduced ad hoc, which gave the subject 
a certain seclusion and so a domain of its own. In the course of the last decades, however, 
investigations in this field on the one hand and those in the field of physics and che¬ 
mistry on the other hand have brought to light so much in common that the very 
desirable striving after unity (see $ la) can now be carried through quite a long way. 
In fact one could even raise the question whether it has now any sense to speak of 
a distinct colloid science. Objection can certainly be raised against the "distinct”, but 
historically, practically and logically there is every reason for speaking of a colloid 
science. The historical basis has been dealt with in the previous paragraph; the practical 
basis lies in the coherence of the systems dealt with in this field and in the need, which 
one always feels, of dividing science according to headings (kinetics, optics, electro¬ 
chemistry, etc.). The logical justification lies in that these systems have indeed charac¬ 
teristics in common with highly dispersed substances but that there are nevertheless 

such great quantitative differences between them that qualitative differences almost 
arise. 


‘ H. R. Kruyt and H. G. Buncenbehc de Jong, Z. physik. Chem 
Bcihcfte. 28 (1928) 1. 

' O. Scarpa, Kolhid-Z-. 15 (1914) 8. 


100 (1922) 250-, Kiilhidchem. 
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POSITION OF COLLOID SCIENCE IN NATURAL SCIENCES 


c. 2. Content of colloid science 

Colloid science embraces the systems which contain large kinetic units or which can be 
derived from such systems. 

This definition of the territory which is dealt with in this book is historically 
(remembering Graham's characteristic of small diffusion constants) and practically 
justified. One can naturally object that, in general, properties change continuously with 
the size of the kinetic units; but when the change takes place according to curves such 
as those represented in Fig. I and Fig. 2 for example, then it is more practical to 
treat the part oa separately from the region be, recognising that a transition region 
occurs in ab. 



That sucli relationships frequently occur is understandable when one remcinhers 
that .It equal concentrations by weight the molecular concentration decreases with 
the size of the kinetically-active unit. Since now an exponential relationsh.ip exists 
between many properties and the molecular concentration, curves such as those in 
Fig. 1 frequently occur 

Where one chooses the boundary between large and small is naturally more or 
less arbitrary; but m reality one is usually dealing with such pronounced extrerties 
that the choice of the boundary seldom gives any difficulty. 

The diameters of atoms and molecules of classical chemistry lie below one halt 
ni;i. The region of colloids has usually been chosen to begin at a dimension of 1 my 
and to end upwards at about 1 y., where tlie region of emulsions and suspensions liecins. 
In tlie mean time there are objections of various kinds against the choi..e of tliesc hunts. 
In the first place there is as the basis of this old subdivision the supposition th.it one 
is always tlealmg with pr.ictically spherical particles, which has provexl frequently 
not to be the c.!--!-. F\iriicles which have lliese small sizes in one dnnension (e.g. disc- 
shaped particle.s) or m two dimensions (e.g. needle-sliapcxi particles) but which .ire 
otherwise much larger, beliave as colloids both when the sm.ill sires corrcspoiu! uiili 
those of small molecules (e.g. in linear macromolccules) and when the latter he withm 
the colloid limits {e.g. in vanadium pentoxide sol). 

‘A I'x.imple is lUc of sub?»taiKCS \Mih Muro.ivjnv' fiioK*'nl.ir liiiftli 

iv.o litj’Uvl l.iycrs, in vvIinU the p.uis •»*! ,uk1 fn h.ue vlitU’icni .uul tfh is \crv sIhmI: 

}- N. Compi. f^rul. Uitv. Si r. cliim. 22 Z. pfiy ^iK. i'Lim , 

HtiJcnsltin-fcsihanJ, A. (19^1)257; [, N. Bv*'N'rEl>r .inJ t. WaI'V.INc;, Z./i/a'i/f. CAc/ff , A 
315, J N. Bj^*»NM’KC^r aosi IV On man r. ibid.. I6H (1934) 3h|. 
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n^rr Pitting the lower limit of colloids at 10= atoms oer 
In the second place it is undesirable for many reasons to separate the emulsions 

comp^eteTv t'oThTfinr they correspond 

mpletely to the finer dispersions. It is true they sediment (or cream) if there is a 

perfy and not'^ne ofI""* dispersed matter but that is an aLdental pro¬ 
of i and tW f P"""‘P^"; boundary surface properties do not change because 
hLh. d often much better accessible to investigation thL sols of 

a^emt^nr- " P-d to suspensions 

in vofu "charn'^iTth^r*^ P''"" ^^iHbeseen 

smahtiy ? that one can, for example, continue condensation reactions of 

The'“^^ dimensional net occurs. 

sir^gle basic mnC*. \ ^^^maldehyde can proceed continuously from the 

liSrd such T A "°^"iercial articles. It has no sense in practice to 

regard such a massive condensate still as a colloidal particle. 

from unit's whiTr with solid or liquid aggregates which are built up 

um^^ ®PP"°Pt'f« circumstances be recognised as large kinetic 

manv nf y fruitfully considered as colloid systems, because 

built ui of ?°K be explained from the standpoint that they have been 

cellulose I. hh u ^bc objects of study in colloid science. For example, 

are reasonaWv ^ 1 ^ d'T■' ^b^moplastics both in the solid and in the molten state, 
m thTs bo k ^ ^ball return frequently to this point 




2. CLASSIFICATION OF COLLOID SYSTEMS ACCORDING TO THE 

MATERIAL OF THE PARTICLES 


a. Poly- and monomolecular particles. Determination of 


size 


In § 1 b 1, p. 2 we have seen that earlier on it was frequently supposed that large 

“a number of molecules; sols known for a lo^ 

line, such as those of SiO-, As.S^, Fe^O^, etc. facilitate this hypothesis. When the 
osmotic and cryoscopic methods for the determination of molecular weights had made 
y I ‘Chemistry, this supposition appeared to be confirmed by those 

methods. Indeed the lowering of the freezing point .Ag of a solution which contains g 
gram of dispersed substance per litre, is related to the so-called molecular lowering 
ot the freezing point A as follows: ^ 


Ag = 


S 


[Nm] 


A 


( 1 ) 


n which N s the Avogadro constant and m the weight of the kinetically active particle 
n he soil. lon. For true solutions [Nm] = M the molecular weight. The fact 
ha the colloid solutions exhibited no detectable lowering of the freezing point, lead 

sols 1 ''"y large. In colloids of the type of 

sols mentioned above a large molecular weight M was excluded and the kinetically 
active particle had therefore to be polymolecular. 

^ H. Staudinger, he, cit,, p. 3. 
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With the biocolloids M was, however, unknown and one might therefore be 
dealing with either a dispersion of large molecules or with a polymolecular system. 
Many proteins showed an osmotic pressure though only a small one. Meanwhile 
we have 

g 

TTg ^ i?r- (2) 

[N/n] 

(symbols with the corresponding significance to those of the previous formula); even 
with it one really only determines the weight of the kinetically active particles. 

In addition there is still a complication in this case which causes doubt as to 
whether the correct particle size was determined even by osmotic methods. In fact 
the colloid sols in water always contain substances which are dispersed as ions, graham 
already knew the necessary presence of the peptising ions '; in addition there are always 
the so-called counterions present *. Therefore the osmotic pressure of the ions 
present, as well as that of the colloid, is measured; elimination of the former 
was attempted by using membranes which are impermeable to the colloid but 
not to the free ions, and these osmotic investigations* led Donnan to his theory* 
on the osmotic pressure under such complicating circumstances. It is only after 
this theory that it has been possible to draw conclusions with any certainty with 
regard to the size of the kinetically active particles from osmotic measurements made 
under these circumstances. 

By an optical method one can form some idea of the size of the particles in dis¬ 
persion; thus they give rise to a scattering of (polarised) light (Tyndall effect), for 
which Rayleigh * has given a quantitative relation to the particle size. Cotulusions 
from the intensity and degree of polarization of the scattered light are, however, difficult 
to draw in most cases for all kinds of reasons Of much greater significance has beem 
the utilization of light scattering in the ultramicroscope ' whereby the particles mani¬ 
fest themselves as separate diffraction images and the size can thus be determined by 
counting their number in an element of volume in which the gross concentration of 
the dispersed substance is known. Tlic method is only applicable when all the particles 
show up in this way and thus not when a portion manifests itself merely as a diffuse 
Tyndall cone. Naturally in any case only an arerage particle size is determined. 

Another method for the determination of the particle size is derivable from the 
sedimentation velocity or, since this is only practicable with coarser suspensions, from 
the behaviour in a centrifugal field. Svedbero ' has brought this method technically 
and theoretically to a high state of development. In principle two ways are open: 
1. measurement of the sedimentation velocity and calculation of the particle ''ize by 


' Th. Graham, P/ii/. Trims.. 151 fl861) 18?. 

’ For an cxiensive discussion seeiCh.ip. H. p- ; Ch-^p- IV. p. 115. 

’W. Biltz. Z. physik. Chem.. 68 (1909) 357, 73 (1910) -lyi; 77 (1911) 91; 83 (1913) b25. 6b5; 
91 (1916) 705. 

' F. G. Donnan, J. Chem. Soc., 99 (1910) 1554. Oti this subiccl sec Ch.ip IV, 4 11. p. 2 35. 
‘Lord Rayleigh, Phil Mog.. (4) 41 (1871) |07, 274. 447; (5; 12 (1881) 81; 47 (1899) 375. 

See especially also; G. Mir. Ann. Phvsik (4) 25 (1908) J77. See lurtlier this ifi.if'itr ^ 4l, p '4 
and Chap. Ill, p. 91. 

* See Chap. Ill, p. 107. 

’ R. Zsigmondy, loc. cii., p. 2 

" Th. Svedbepc and K. O. Pii>i»'il.N. The L'llni'i'iinfugi, l.onJoii lOlO. 
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""h" Mes\“by -d^^tation equilibrium according 

be^mnll? 3ll these methods (and of others, which will be shown to 

^ tif >s given elsewhere in this book *. 

kineticallv v obvious, only give information on the size of the 

kinetically active particles, often only on the average size, although under certain 

^ judgement on the composition 
But to contrast to an isodispersed s^tem). 

lZTT,iiTT^“S. ■“ £S'; Zt" 

One could assume the formal sundpoint of calling the kinetically active particles 

toriS aid ‘hen comes into conflict with Ae his¬ 

torical and log cal significance of that word. That the kinetically active particles in a 

will hLha°te m a'ooi 1h “'““'hiometry (Avogadro) ; however, everyone 

iT he wl fhtl this argument to a cloud, for instance. The molecular weight 

whichThat s,L ' I*’' f‘"‘■"“■n amount of a substance in 

iiliboi is ciisrrill '*■' has a constant com- 

oerl in is an lid 1 T characteristic of the substance. Isodis- 

persion is an indication of molecular dispersion but not a sufficient argument* the 

^rmethod T" — independently of 

the method of preparation but strictly speaking that can be checked only with com- 

m1de Vf7ormat1o'n °"P “ "P' ‘he 

Since, however, macromolecular substances have been prepared and extensively 
nvestigated we know, with the certainty which systematic organic chemistry gives 
monomolecular dispersions of colloidal dimensions and we can draw analoS^s^on' 

coUoXoi^ by comparison with those macromolecufar model 

colloids. one must, however, bear in mind the relative value of such analogous conclusions. 

kin^rir^n! pr^stnt distinguish the dispersions with 

although r dimensions into mono-' and polymolecular colloids, 

arranges. -hich category a particular system must be 

b. Poly- and monomolecular particles (cont.). 

. u previous sentence we have deliberately spoken of "a system" and not "a 

annot k substance", one 
ornolv ^n 1 ? 1 ^ sribstance is a colloid nor that that substance occurs mono- 

nnd rh t generally agreed that, for example, cellulose consists of macromolecules 
cufes r ''‘f ‘he xanthogenate is dispersed in single macromole- 

va tf®? molecules are, however, united into larger aggre- 

wndidons * ‘^^'•ulose gel polymolecular micelles are certainly present under certain 

Relationships are different again in the so-called association colloids. A fatty acid 
‘ J. Perrin, Loc. ciu, p. 2. 

Chfp.^^ “rv. "• "■ 5 5- P- 

' For details on these matters see Vol. II. chap. XII. § 3, p. 488; § 8. p. 584. 
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salt is certainly not macromolecular; the lower members of this series with less than 
5 carbon atoms are ordinary electrolyte solutions, in those with more than 10 typical 
colloidal properties begin to appear. Thanks to the investigations of McBain‘ we 
know that aggregates of several ions occur in them, ionic micelles, which have colloidal 
dimensions; we are there dealing with a reversible equilibrium between small mole¬ 
cules, ions, and colloidal aggregates. 

Something similar occurs in certain dye stuff solutions. Benzopurpurine ®, for 
example, appears to contain colloidal particles in solution: it is true foreign electrolytes 
present play a part in this but even with the most careful removal of them one does not 
succeed in obtaining a dispersion of single molecules, although the associations do 
then fall outside the colloidal domain. 

Thus one cannot say either of sodium stearate or of benzopurpurine as "substan¬ 
ces" that they "are" colloids, only a given system can be regarded as such. 

Even for a substance such as AgBr one cannot say that it is a colloid. For a AgBr 
crystal that would indeed have no meaning, but even in solutions one should never forget 
that AgBr is present in the ionically dispersed state with a solubility product of 
4 X lO'*^. Meanwhile still another question arises: might it not be justified to consider 
the AgBr particle in a sol as one large molecule? 

That the AgBr particle is not a single crystal but an aggregate of smaller crystals 
is not a sufficient negation of that question, one could indeed again put the question 
for a single crystal and repeat it more sharply, for example, for a dispersion of very 
finely powdered diamond. The question naturally finds its basis in the fact that one 
can no longer point out the single molecules in a crystal lattice and one can therefore 
regard the single crystal as one molecule. An appeal to the difference between primary 
and secondary valencies cannot alter anything. It is admitted therefore that a crystalline 
particle can formally be considered as a large molecule and a certain affinity to an 
association colloid can be suggested; but this consideration has no practical sense. 

These considerations illustrate clearly, however, the agreement and at the same 
time the gradual differences within the whole group of the systems with large kine- 
tically active units and the good reason for including them in one group, that of the 
colloid systems. 


c. Further classification according to the siates of aggregation 

When we distinguish colloid systems according to the state of aggregation we 
should separate that of the colloid system as a whole and that of the dispersed particles. 
We shall begin with the first classification and shall successively take into account 
the second. 

* c. 1. Liquid colloid systems 

Liquid colloids of one component arc the liquid phases of macromolecular sub¬ 
stances. The simplest conceivable case is that the large molecules are in thermal motion 


' See G. S. Hartley, Aqueous soluliom of paraffin chain salts. Pans 1936. 

E. L. Lederer, Kolloidchemie Jer Seifen, Leipzig 1932. For more details see Vol. 11, chap. XIV, 
p. 681. 

'See C. Robinson and H. A. T. Mills, PnK. Roy. Soc., London, A 131 (1931) 576, 596. 

C. Robinson and J. L. Moilliet, ibid., A 143 (1934) 630. See also chap. IX, \ 5b, p. 360, 
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Sce'can be 1"'^ that a mutual 

molecX contaln^rd'^ ; ^ hindering of the particles which, especially with 

molecules containing dipoles, gives rise to associations between them. Ostwald > Ions 

pS “luch and th?d“pe'“! 

1 ^1 t chemically identical. The behaviour of molten macro- 

“he 1 arg”e cf^L"torutf^ 

sys.e^^f.n'deld':" ^ P' “ '''' ^ 5. P- >80 treat these 

mediumlf f g'n'tal of more than one component. The dispersion 

alcohT ht'nl water (or more generally a very dilute electrolyte solution), 

marrrt ' ^ ^"^1 particlcs are dispersed in it which can be of all sorts: 

f^^e rTav thtt polystyrene in toluene), solid particles 

c. 2. Solid colloid systems 

the sysums can first of all be included those systems of which 

glass). ^ medium is solid such as ruby glass (colloidal dispersion of gold in 

nrJd ^ most important sclid colloid systems are, however, the gels. The typical gel 
lol an association comes into being between the particles of a 

llh^ t ^ ^^'hole obtains the properties of a solid substance, that is to say, 

r^n rilii deformation. After such a gelatinization (prise en masse) one 

can really no longer speak of a disperse phase and the dispersion medium. The former 
has formed a coherent three-dimensional network or tissue because the originally 
separate particles now form one coherent whole. In between there is the former dis- 
persion medium. The earlier word usage of calling a deposit from a sol a gel should 
m general be rejected (unless the deposit itself has the character of a solid colloid 
system of the nature of a gel ^). Clear soap jelly is a gel but it is confusing to call soap 
cura a gel, it is a macroheterogeneous system of soap crystals in saturated solution, 
whirh ^*1? systems one must also include those systems of one component, 

Off ^ particles of colloidal dimensions (e.g. anamorphousor crystalline¬ 

setting product of a macromolecular substance, a piece of rubber or cellulose): there 
IS no sense in including glassy products of low molecular substances. 

0,1 components frequently occur, such as, gels of silicic acid, 

gelatin, agar and those of macromolecular substances, which under the circumstances 
yield one solid mass together with their solvent. 

XII extensive treatment of gels reference may be made to Vol. II, chap. 

'Wo. Ostwald, Grunrfrisj der KoUoidchemie. Dresden 1911 o l?«. tv,, i 

of OSTW.LO’S S. 0 ,.moots regarding thts matter may ToTeft nndisco'L.d ' ® 

hor a closer specification of the concept elasticity, sec J M Bubcers B N T <tA 4 i r r 

We'Sa? f ^ KoninUi: Nederland Akad.' 
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3. Other systems 

There are still other dispersed systems which can be formally included in colloid 
science. Ostwald has given the following scheme, in which G represents the gaseous 
state, L the liquid and S the solid, and in which the first letter characterises the medium 
throughout and the second the dispersed system. 


1. 

G 

- G 

4. 

L 

■ G 

7. 

S 

- c 

2. 

G 

- L 

5. 

L 

- L 

8. 

S 

- L 

3. 

G 

- S 

6. 

L 

- S’ 

9. 

s 

: 5 


From the nature of things this scheme embraces only the systems of more than 
one component. System 1 does not occur as a colloid system. In § 2 c 1, p. 9, we 
mentioned systems 5 and 6, in 5} 2c 2 system 9 but one can hardly classify the gels 
under system 8 because in a gel which is constructed of a three-dimensional network 
of solid particles with liquid enclosed inside it, the distinction between dispersion 
medium and dispersed phase falls to the ground because the tw’o are interconnected. 

Clouds and smokes can be included under systems 2 and 3, foams under system 4. 
They may morphologically be considered as colloids but their behaviour is so different 
from that of the systems mentioned m the two previous subparagraphs, that it has no 
practical sense to deal with them in a book which tries to consider everything from 
general points of view. They will therefore remain entirely untreated in this work; 
one may consult monographs on these special systems '. 

d. Thermodynamics of colloid solutions* 

The development of colloid science has been based partly on the concept of the 
two-phase system and partly on the concept of ordinary solutions. This will be set 
forth in more detail in chapter-1 of volume II. We will here only consider some thermo¬ 
dynamic aspects of the problem. 

In colloid solutions such as those of metals. As.S,, AgJ and others the colloid 
particle consists of a comparatively large number of molecules and may be considered 
as a separate phase. The treatment adopted for this type of system is based on our 
knowledge of phase-boundary phenomena. On the other hand, the colloid solunop*- 


' On .lerosols: 

R. Wmyti.aw-Gpay .ind H. S. PAirrpsoN, Smuhe. a miJv of am,;/ i/isptvst London 195"’ 

K. A. G. Meycp. Kolhui-Z.. (19W) M8. 102 donj 293; 103 (1943) 65; 105 (1941l 71, 160. 
J. M. Dam.A Vallf, Micromemui. Nc« V')rk 1943. p. 320. 

J. J. Bikf.pman, Surfafe Chtmi-,iTy, tor mjtinritil ri-Muirch, Nc\% York, 1947. i.h.ips. I .ind II. 


V. K. La Mkp. I. Mochbkpo. K. .ind I. I3 Wilson. /. Colloid S^i 

R. Latta, L. D. Andi.pson. E. E. Rogfps. V. K La Mip. S. HotHniPc., 
I. Johnson, J. Wash. Aaid. Sit.. 37 (1947) 397. Si'mf’oimrn »>/ ihc A'n. Chi'n. 
(oniominuiion and fiunfication, Ind Enu. Chem. 41 (1949) 23K4—2498 
J- W. Me Bain, CoUntd Sitvncc. Ho^r.in 195(*, p. 207 <7 n'i(. 

On fo,itn.s: 


. 2 (1947) 539. 

El LaI I 1 PDACH. .uul 
Soy. on ./imoifiticri, 


A. S. C. Laupfs' E. .Soap Flints. Liind.in 1929. 

N. K. Adam, Thr pAi rii< and -d •iiria,... tf.J . Oxlor.l 1941. p. 142 < f -i 

J- J. Bikfpman, Siirtacf .hemislry tor indu-tnal rfa-inh. .New Yofl< 1947. vli.ijv ! 

A._E, Amxasdip ,ind P J.)MNs<>n. C-ll-tJ 11. flxtotd 1949, p. 624 ■ .' -17 

• Tlie sectmti i>n thefm->dvi..iinii • ‘Ikn.! •.'lii'i-';!'. li.is i'een . I l'% J } /y, 
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of prorems, rubber, cellulose and other macromolecules are not essentially different 
from ordinary s^utions of low-molecular substances and are best considered as one- 
phase systems. This might give the impression that there is an essential difference 
between these two types of solutions, and the question arises where we should draw 
the line separating these two types. 

In solutions of macromolecules we are often concerned with a monomolecular 
dispersion, and it is obviously senseless to consider a single molecule as a separate 
phase. The concept phase implies that a certain amount of matter may be added to 
or withdrawn from it. and that this transfer of matter is not accompanied by too dis¬ 
continuous a change m the properties of this phase. This condition excludes a great 
many solutions from a treatment as two-phase systems, but this simple aspect is not 
the only one to the problem, since it does not answer the question: does there exist 
a particle size which necessitates the two-phase concept and if so, what is its magnitude? 
borne general considerations regarding the thermodynamics of colloid solutions will, 
therefore, be given in the present paragraph. In chapter III of volume II we will 
then confine ourselves to the thermodynamic aspects of macromolecular systems. 

In phase theory a system is determined by the number r of separate phases, the 
number n of components and the number v of independent variables (other than the 
relative concentrations) sufficient to determine completely the molar free energy of 
each component in each phase. Usually, the independent variables (besides the con¬ 
centrations) are pressure p and temperature T. i.e., 2. In this case, according to 

OiBBS phase rule, the number of degrees of freedom ' is 

+ 2 ( 3 ) 

In general, however, more than two variables may play a part (magnetic field 
strength, angular velocity of the system, etc.). It is easy to show that in this general 
case Gibbs phase rule assumes the form 


f ~ n — r -h V ( 4 ) 

It will be clear that we are only concerned with those variables upon which the 
thermodynamic properues depend to an appreciable extent. In many cases the influence 
of gravity, magnetic field, etc. on the molar free energies is so small that the variable 
m question plays no role. Such variables were called negligible variables by Tolman * 
We shall see presently that this concept plays an important part in the discussion of 
colloid systems. Its physical meaning is that the variations which possible changes in 
a negligible variable produce in the molar free energy of a component are small com¬ 
pared with those produced even by only small changes in the other variables. If, for 
instance, a certain part of a system is not in equilibrium with the rest of the system 
It wil usually be possible to bring it into equilibrium by adjusting one of the variables' 
e.g. the pressure or the composition. It will not be possible, however, to establish 
equilibrium by the adjustment of a negligible variable if the values of the other variables 
throw the rnolar free energies appreciably out. The thermodynamic behaviour of the 
system is, therefore, such as if these negligible variables did not exist 

A further point of importance in the discussion of colloids is the possibility of a 
qaasi-equihbnum. Consider, for example, an emulsion of oil droplets in water If in 


' As IS well known, this rule is obtained by remembering 
ponent is the same throughout all the phases present. 

" R. C. Tolman,/. Am. Chem. Soc., 35 (1913) 307. 


that the molar free energy of each com- 
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the oil phase we dissolve a substance which is completely insoluble in water, the 
concentration of this substance in the separate oil droplets can be arbitrarily fixed. 
If the substance concerned is not completely insoluble, but practically so, the establish¬ 
ment of the real equilibrium concentration in the oil may be so slow that the quasi¬ 
equilibrium studied is established within a time in which no appreciable change of 
concentration takes place: quasi-equilibrium. 

After these preparatory remarks let us consider the variables needed for a thermo¬ 
dynamic description of colloid solutions. 

To begin with, we must consider the pxjssible role of the particle size (or degree 
of dispersion) as an independent variable in the thermodynamic description of the 
system. For, it is well-known that the thermodynamic properties of small particles 
depend to an appreciable extent on their size. This applies to any colloid, irrespective 
of whether we adopt the one-phase or the two-phase point of view. We shall show, 
however, that the degree of dispersion does not constitute an independent variable. 
To that end, we shall follow an argument, given by Tolman. If V represents the 
volume of a particle and 5 its surface, we define as degree of dispersion the quantity 
X = hSlW. It might seem that this quantity does not suffice to define the degree of 
dispersion in the whole solution, since particles of different size have different values 
of X. We shall see presently, however, that the equilibrium requires either equality of 
all X's or else that X plays no part as a variable at all 

Let a be the surface tension in the surface of a particle; it is determined completely 
by the variables p, T, X and the concentrations of the various components. This also 
determines the pressure inside the particle: p, - p - Xc. 

The molar free energy of a given component in the particle is now given by 

= Pi(o) -r u,Xa (5) 

where u,is the molar volume of the component considered and [x,(o) the molar free 
energy for A = 0. Suppose now that one of the particles has a X-value which differs 
from that of the other particles. Our assumption that X figures as an independent 
variable means that the molar free energies of the n components depend appreciably 
on X. In other words, we shall have to adjust the values of the other variables in order 
to maintain equilibrium. The number of variables, which must be adjusted to achieve 
this is obviously n, because there are n equations to be met with if all molar free energies 
are to remain constant. Since, among the variables which can be adjusted there are 
only n - 1 concentrations, this means that equilibrium can exist only if the particle 
considered differs in at least one more variable (besides the concentrations) from the 
other particles. This is evidently impossible, because p and T are the same throughout 
the whole solution. We are to conclude that X is the same for all the particles, i.e. 
these are of equal size. What is more, it is obvious from (5) that the equilibrium 
attained is labile: the disappearance of matter from one of the particles (increased X) 
is accompanied by an increase in the free energies of the components in that particle; 
in other words, the larger particles tend to grow at the expense of the smaller ones. 

This does not mean that the labile equilibrium with the same X-valuc for all the 
particles is the only possible equilibrium stale in colloid solutions. There are, of course, 
two more possibilities, viz. (1) we are dealing with a quan-eqmlibrium in which it does 

‘ tacitly assume spheric.il particles. If this conditi:)n is not s.iiisfied, we s!).ill have to mtrodiKe 
turther variables defining the shape, but accordingly we shall then have to introdute further ctimlihriuni 
conditions. 
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not matter that the variable X is thrown out or (2) the surface tension is zero or nearly 

so, which makes the variable X a negligible In neither of these two cases does 

the degree of dispersion play a part as an independent variable in the thermodynamic 
description of the system. 

As an example of the labile equilibrium where all particles are of the same size 
we may mention that between finely divided droplets of a liquid and its vapour or a 
finely divided solid and its melt. Here the number of components is one, the number 
of phases is two and the number of variables is three: pressure, temperature and 
degree of dispersion '. We find from the generalised phase rule that the number of 
degrees of freedom is two. In fact, experiment shows that the pressure is determined 
by temperature and particle size *. Colloids in non-Iabile equilibrium, however, 
represent quasi equilibria or have attained a state where the free surface energy between 
particles and solution is zero or nearly zero. This latter state may be attained by 
adjusting the particle size, the electrical charge of the particles, or perhaps by still 
other means. It is interesting to observe in this connection that the mere existence of 

it may be in preventing the union of two particles 
at collision, is not in itself a guarantee for equilibrium or quasi equilibrium: actual 
collision IS not at all necessary for a transfer of matter, since the substance in the smaller 
particles has a greater solubility than that in the larger ones. 

It follows that if we adopt the one-phase concept the number of independent 
variables is the same as usual: pressure, temperature, and relative concentrations. It 
would seem at first sight, therefore, that the two-phase concept would reduce the 
number of degrees of freedom by one. However, if we treat the solution as a two-phase 
system, we shall have to take into account that the thermodynamic properties of the 
solution depend on the concentration Cj of the dispersoid phase. In fact, the osmotic 
pressure, vapour pressure, etc. of a colloid solution are dependent on the number 
of particles in unit volume, i.e. the concentration of the dispersoid phase. Conse¬ 
quently, from a thermodynamic point of view, it is entirely irrelevant whether we adopt 
the point of view of the one-phase or the two-phase system As soon as we accept 
two phases, we must also accept one more independent variable, and the number of 
degrees of freedom is not altered. How we shall regard a particular colloid depends 
on the kind of equilibrium studied and is purely a matter of suitability. 

We can easily formulate where we may draw the line on practical grounds. This 
will be where the concentration Cj becomes a negligible variable. This would 
at the same time represent a suitable boundary line separating "suspensions and 
emulsions" from "colloidal solutions" if such a distinction is wanted. Considering, 
for instance, a coarse suspension of a substance in water, in equilibrium with water 
vapour, we know that the boiling point and the vapour pressure are the same as those 
of pure water, i.e., there is but one degree of freedom. If we consider this suspension 
as a one-phase system, we have r = 2 (liquid and vapour) and v = 2 (pressure and 
temperature). And yet, with 2 components we would find, according to the phase rule, 

2 degrees of freedom. We could maintain this point of view by adding, that the con¬ 
centration in the liquid phase is a negligible variable, i.e., we are to count but one of 
the two components as a variable in the phase rule (n = 1 instead of 2). It is obviously 


‘ The concenimtion Cj of the dispersoid phase which will be imroduced below 
variable in this case. ' 


is a negligible 


• P. Pavlov, Z. physik. Chem., 74 (1910) 562. 

E. H. Buchner, Kolloid-Z. 14 (1914) 2; J. ALEXArrDER, Colhid chemistry I, New York 1926, p. 126. 
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much more appropriate to consider the solution as a two-phase system in which 
C<f is a negligible variable. We then have n = 2, r = 3, y = 2, which gives / - ^ 1, 
as it should be. 

For this reason we agree with Jonker that a colloidal solution whose boiling 
point, vapour pressure, etc. are the same as those of the pure solvent should be con¬ 
sidered as a two-phase system, always bearing in mind that this is done on practical 
grounds, and not because of a theoretical necessity. Conversely, a solution whose 
boiling point does differ from that of the solvent is best considered as a one-phase 
system, although it might have been treated as a two-phase system with additional 
variable C</. 


§ 3. SHAPE OF THE PARTICLES 

Up to the year 1915 practically no account has been taken of the fact that colloid 
particles are not always spherical, an idea which was in agreement with the view that 
colloids would not be crystalline but amorphous. In that year Freundlich - noticed 
that a so! of VjOs, after it was some months old, was optically doubly refracting under 
certain circumstances, a phenomenon which is discussed in detail in § 4 f 4, p. 41. 
In the ultramicroscope the particles were seen to have the shape of long needles. 
On the basis of optical investigations it was soon established that many sols contain 
anisometric particles; one can characterize the particles as being of the type sphere 
(isometric), disc or needle (both anisometric). Naturally only the extreme types are 
so characterised: an ellipsoidal particle is anisometric and falls in between the spherical 
and needle shapes; there are also colloids which are like starfish and therefore only 
approximate to the type of a disc, others which are like sea-urchins and therefore 
only approximate to the type of a sphere. 

The spherical colloid particles are called spherocolloids. One must be cautious 
With the word linear colloids because one frequently means by this a macromolecule 
without side-chains; it will however be seen in Vol. II, chap. IV, p. 93 that these long 
chains in sols are frequently crumpled together into balls, so that the colloid particle 
finally approaches more to the spherical shape. In connection with what is discussed 
in the following paragraphs it is as well to keep clearly in mind the difference between 
the shape of the actual colloid particle and that of the molecule (and to a still greater 
degree of the structural scheme attributed to it in organic chemistry), from whicli 
It is constructed. 


4. GENERAL PROPERTIES OF COLLOID SYSTEMS 

In this paragraph the general physical properties of colloid systems are discussed 
in an introductory manner; detailed treatment will only find a place in the later chapters 
The general physical properties are as a rule independent of whether tlie particles 
are rnono- or poly molecular: on the other hand they will often be found depciKlent 
to a high degree on the shape of the parntles. Jis.ussed in the previous paragraph. 

' W. P, A. JusKiP. K»ll»iJ-Z. K. 15, 10 (1912) 126 

19l5!.p. *’■ and G\.ul. Br^nsu,.!, 

H. DiFSsti.Moi^bi .ind H. FinxsDiM u. Z , 16 (1915) 419 
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a. Brownian motion 


1. The Brownian motion itself 

The phenomenon discovered by Robert Brown in 1828' with microscopically 
visible objects as the hardly visible irregular motion of suspended particles, greatly 
attracted the attention of theoreticians and experimentalists at the beginning of the 
present century, because of the striking picture of it which could be observed ulfra- 
microscopically with colloid systems, and since it was a directly observable confirmation 
of gas kinetic theory; furthermore it seemed to open the way to new knowledge. A sus¬ 
pended particle in a liquid (or a cloud system in a gas) must be in kinetic equilibrium 
with the molecules of the medium; from the motion of the observable particles, far- 
reaching conclusions can be drawn regarding the molecules of the surroundings and 
the insight so obtained again makes predictions possible about the behavio-.r of 
particles not directly observable, such as, for example, macromolecules in solution. 
The basic idea of the theory is that 

( '/i! tni'‘)pa„icle =- ('/a medium ~ ^'a Jlq (6) 

in which m is the mass of the particle or of a molecule of the medium and v- the 
mean of the square of its velocity; the mean kinetic energy of each freely moving 
element is therefore completely determined by the temperature. 

Here we are dealing with an average velocity; the whole of the velocities is 
governed by Maxwell’s distribution law ■ which is illustrated by Fig. 3. 

Investigation has shown that it is impossible 
to measure directly the velocity of particles in 
the Brownian motion. That is quite understand¬ 
able since even a microscopically (not to say an 
ultramicroscopically) visible particle varies in 
direction many million times per sec; the path 
traversed per second is therefore not measurable. 

Naturally it is indeed possible to measure in the 
microscope the displacement which the particle 
experiences as a result of the long zig-zag path 
which it traverses. Now it is possible on the 
basis of the theory of probability to establish a 
relationship between velocity and displacement. 

Einstein and almost simultaneously and with 

almost the same result, von Smoluchowski * deduced the following formula for it: 



Fig. 3. Frequency of particles (mo¬ 
lecules) with a certain velocity (dis¬ 
tribution Jaw of Maxwell). 


Ax* = 2t. ~ 


1 


N (>r,r,r 



in which Ax* is the mean of the square of the displacement during the time t pro¬ 
jected on a chosen x direction, •») the viscosity constant of the system and r the radius 


‘ For the history and indeed for the theory of Brownian motion, see the book by 
J- Perrin quoted on p. 2. 

“ See for example S. Glasstone, Textbook of physical chemistry. New York 1947 d 264 et sea 
* A. Einstein, Ann. Physik, 19 (1906) 371. 

^ M. Von Smoluchowski, Ann. Physik, 21 (1906) 756. 
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of the particle, supposed spherical. For non-spherical particles the STOKES factor 67^7/ 
is replaced by a more complicated factor. We shall not. however, go further into the 
question. Only one remark on lengthy macromolecules with freely rotatable carbon 
bonds is in place here. From the nature of things the constituent parts of such a mole¬ 
cule also take part in bombardment equilibrium with the surrounding molecules (and 
possibly with other macromolecules or parts thereof); Werner Kuhn * therefore 
distinguishes a macro-Brownian motion of the whole particle and a micro-Brownian 
motion of the constituent parts which in a certain sense are freely mobile. 

Measurements of the displacement, carried out on suspensions of gamboge 
and mastic furnished Perrin ^ with material for calculating for the first time ^ the 
AVOGADRO constant TV by means of equation (7). He always found values for TV of 
about 6.5 * lO--* independently of the size of the observed particles. Later investigations 
by other methods have shown the figure 6.03 • 10-^ to be the correct one. 

Besides a translatory motion all particles (except those of the monoatomic gases) 
also have a rotatory motion. Einstein has also deduced an expression for this. Perrin 
has measured the average angular velocity with large particles of g.amboge and 
mastic and found complete agreement between theory and experiment in this case also. 

Brownian motion and the quantitative expressions derived for it throw a clear 
light on diffusion phenomena; we shall return to this in more detail in ^ 4 b 1, p. 18, 

a. 2. The statistical equilibrium in a sol 


The colloidal particles in a sol are subject to the Brownian motion and to gravi¬ 
tation; the one attempts to distribute them as uniformly as possible over the sol 
volume (completely random distribution), the other attempts to make them sink to 
the bottom (assuming that they have a greater density than the medium). These two 
kinds of tendency will lead to a distribution equilibrium, which will be described by 
the general Boltzmann equation: 

n Kc~ kT 

which gives the number of particles n at the place where they have the potential 
energy £p.„; K is a constant, k the so-called Boltzmann constant, which is equ.al to 
/? TV. For a gravitational field the expression reads: 

meh 

n, - Ke~ ~kT 

for the number of particles of mass m at a height h. If there are n.- particles at height 
Zero, this equation gives: 

- e kT or 

1 " n' ~ hT 


'll, 

n.. 


tile well known barometric heiglu formula if, following Avcicauro. one siihsuiutes 
Ph for rih and p, for n. 


^ W. Kuhn, A*tVt'u\ Chem . SI 

• J. PfHKis, see the quoted on p. 2 . 

M his IS tv>t two eshnutes were knov^n; one of Loschmiut in ftorjj rhe 

srn.illcs? .UT.un.ihk volufiu* oik- iri>ni die vist.osjty ol ^.ises .ukI van uik Waals’s Iaw m IH??. 
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The colloidal particles will therefore be distributed exactly similarly ro the air 
molecules in the atmosphere; only their mass is many times greater than that of the 
air molecules; the atmosphere will therefore be much denser. 

Perrin now has counted the number of microscopically visible particles at various 
heights, by raising the tube of the microscope, after he had first determined the mass m 
in various ways (which furnished values in good agreement). From this he calculated k. 
and thus N once more and found excellent agreement with the result mentioned in 
the previous paragraph. Now that N has been established unambiguously, m can 
by determined by the same method. 

The applicability of the method is however limited by certain difficulties. Perrin 
workeii with particles which were so large that they were visible in the microscope and 
a simple calculation with formula(10)shows that with particles of such large masses 
one obtains appreciable differences in number for differences of level of less 
than 1 mm. If one goes into the typically colloidal domain, then one can indeed initially 
count ultramicroscopically but the required level differences become too great. If one 
could no longer count the particles and were to determine the changes in concentration 
with height optically, for example (light absorption), then the difficulty of the rarer 
atmosphere remains a hindrance. 

The only possibility remaining is to choose a more powerful potential field than 
^at of gravitation, and that can be found by the application of centrifugal force. 
Centrifuges and ultracentnfugcs are now available which are of great service in this 
problem '. With their aid the gravitational force can be exceeded by a factor which 
can be raised above lO', while with ingenious optical methods one can measure the 
atmospheric distribution. Thanks to these methods we now know the particle size of 
many biocolloids and of macromolecules prepared synthetically. 

It should be recalled to mind (see p. 7) that the ultracentrifuge also furnishes 
data on size of particles, in that one can measure the "sedimentation'' velocity 
with It. For spherical particles one can simply apply Stokes’s law; for anisometric 
particles reference may be made to the literature quoted*. 

b. Diffusion* osmosis and allied phenomena 


6. 1. Diffusion 


Since diffusion is the displacement of dispersed particles towards a layer of the 
pure dispersion medium (or towards an environment of lower concentration) the 

bliXeTthar°“''" 'he diffusion of colloid particles. Einstein == esta- 



( 11 ) 


in which D IS the diffusion constant from Pick's law which states that the amount a 
whicli diffuses per unit time through unit area, is equal to 


a 




' See tlie work of T. Svkdburc and 
mciliod are discussed in detail. 

• Loc. cit. p. 16. 


K. O. Pedersen quoted on p. 7 


in which 


theory and 
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in which ^ gives the gradient of the concentration in the x direction. Combining (11) 
with (7) and writing k for RIN we have 



67TY;r 



In the denominator one recognises Stokes’s law; the expression therefore is only 
valid for spherical particles. 

Measurements of the diffusion are thus usable for the determination of particle 
size. Equation (13) shows at the same time that D is inversely proportional to the radius 
of the particles; it is therefore understandable that Graham considered colloid systems 
to be characterized by the low diffusion velocity of the dispersed substance. 

The phenomenon of diffusion becomes appreciably more complicated however 
when the colloidal particle carries an electric charge, which is compensated by small 
ions (thus with much greater diffusion constant than the particle) in the liquid. They, 
so to speak, pull the colloidal particle along and one therefore finds a diffusion velocity 
for it which is much greater than that corresponding to equation (13) ’. 


b. 2. Osmosis 


When the disperse system and the medium do not, as in diffusion, freely adjoin 
one another but are separated by a wall which is permeable only to the medium and 
not to the dispersed matter, a so-called semipermeable wall, then equilibrium can only 
set in if the two parts of the combination are under different pressures; the pressure 
difference is called the osmotic pressure. Its magnitude can be calculated as follows: 

For equilibrium it is necessary for the thermodynamic potential of the solvent 
to be equal on both sides of the membrane: 

(i^meJium J in solvent ” flAmedium] in disperse system (14) 

Now we have \x • /(T) - pV ■ 7?riog (I — x) in which V is the molecular 
volume, X the molar fraction of the dispersed substance and (1 — x) therefore that of 
the solvent in the solution; in the pure medium this latter is therefore 1. 

Consequently equation (14) becomes 

HT) ■ pV f{T) - p.K. RTlog{\—x) (15) 

If now the molecular volume in the disperse system is equal to that in the pure 
liquid, thus V V,, then equation (15) becomes: 


p V — p,V ■ RT log (1 — x) 



Pi— p IS as stated above, the osmotic pressure -. 
Consequently 

RT 

~ — y • log ( 1 - X) 


(16) 


■ See H. R, Bruins. K-lhid-Z.. 54 (1931) 256. 2T2; 57 (1931) 152; 59 (1932) 263. 
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With extremely dilute solutions one can put log (1 — x) equal to x ffirst term 
of a senes expansion) in which case the equation becomes 


RT 

Tz = ~.x = RTc, 


(17) 


the well-known Van 't Hoff's law in which c is the molar concentration per unit 

volume. One should bear in mmd that there is really no direct proportionality with 

the concentration, that this is only valid in the immediate neighbourhood of c == 0; 

that furthermore the calculation has been made for so-called ideal solutions, not only 

because K, has been put equal to V but because there is really also a term in in 

the expression for p. which serves to express the possible interaction between medium 
and dispersed substance K 

Measurement of the osmotic pressure therefore furnishes a method of determining 
the molecular concentration”, that is to say one can establish the particle weight in 
a solution which contains a weighed-out Cg gram per V litre. 

osmotic pressure of colloid systems is unmeasurably small in many cases; 
that IS understandable because the particles are very large and thus the number to be 
assigned per litre is very small. In addition one has often to reckon with the complica- 
tions, nientioned on p. 7. In a number of cases, which will be'dealt with in detail 
in vol. H, chap. Ill, § 8a, p. 83, the method can however be fruitfully applied. 

b. 3. Dialysis and ultrafiltration 


The wall which is impermeable only for colloids actually plays a threefold role: 
it one IS interested in the equilibrium pressure which is produced, one speaks of 
osmosis-, if the interest is directed to removing dissolved substances, which may be 
present and which can pass through, by means of a continuous replenishment of the 
pure liquid, one then speaks of dialysis; if one forces this process by an excess pressure 
in the direction of the pure liquid one speaks of u/tra-filtration. 

Dialysis is a classical colloid method; it arose with Graham who introduced 
parchment paper as a dialysis membrane. Since water permeates only slowly through 
this material, it has often been replaced later by collodion film and at present cellophane 
paper is frequently used. To increase the effcctivity a large surface of contact between 
membrane and liquid is desirable, a problem which has been solved in many ways 
For the removal of electrolytes use is made of electrodialysis, in which the colloidal 
solution IS placed between two membranes and an electric potential difference promotes 
the transport of the ions towards and through the membranes. An accidental pheno¬ 
menon, which is used as electrodecantation, at the same time concentrates the col¬ 
loidal solution. These methods are further discussed in chap. II, § 3c d p 69 71 
Filtration (for example through filter paper) is the separation between a liquid 
and solid matter suspended m it; in the suction filter one promotes the process by 
applying a pressure difference to the filter surface. The same thing takes place in 


of 'hat at equilibrium the same number 

of water molecules must move in unit time m the one direction as the other. If one applies Boltz¬ 
mann s equation (see p. 17) to these two kinds of motion, one obtains 

^«olvent “ e ' PmV<. RT 
^ z /\T} ' PiVi‘RT 

which, after eqiiating'the expressions, again furnishes equation (15) 

- See chap. 11, § 3a, p. 68. 


Kashmir Univei^uy Lrbrarv 
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ultrafiltration, only now one uses a material which holds back colloidal particles, as a 
matter of fact, of the same sort as is used in dialysis. Ultrafiltration membranes 
of all sorts exist, which are characterized by the ability of holding back particles of 
decreasing size; since the resistance to the medium thereby often increases also, a 
pressure of more than one atmosphere is frequently desirable. Therefore an excess 
pressure above the filter surface is often applied instead of suction below it. 

On account of the applied driving pressure ultrafiltration leads more rapidly to 
its objective than dialysis; that is also the case because dialysis is often opposed by 
an initial movement of the liquid in the direction of the colloid solution. This is in 
no way the osmotic equilibrium pressure of the colloidally dispersed substance but 
the consequence of the fact that the diffusion velocity of the solvent through the 
membrane is greater than that of, for example, electrolytes which are present in the 
colloid solution. As a result of this an “osmotic" current begins towards the dialyser 
contents, which first decreases when sufficient electrolyte has been dialysed out. When 
one ultrafilters under sufficiently high driving pressure, one prevents this process 
taking place initially in the wrong direction, which furthermore dilutes the colloid 
solution unnecessarily. 

The mechanism of membrane permeability is complicated. The simple idea of 
a mechanical sieve action is certainly inadequate; the relation between permeation and 
particle size is just as far from simple for the same reasons. The value of the ultrafilter 
is frequently overestimated in this lespect, although it is sometimes possible, within 
a group of comparable colloids, to deduce some global comparison of particle size. 
See chap. II, § 4 b 2, p. 76. 

c. Rheology 


c. 1. Viscosity, plasticity, thixotropy and dilatancy 


The study of the rheological properties of colloid systems has contributed to a 
high degree to clarify the ideas on these systems. It is however necessary as a preli¬ 
minary to define various concepts *. 

For this purpose let us take the following case: a shearing stress t acts on a homo¬ 
geneous system parallel to the xz plane; a shear y is produced thereby. When now 
one removes the shearing stress there are two possibilities: the deformation can dis¬ 
appear entirely (the deformation is then called elastic and the system solid), or the 
deformation remains unchanged (the deformation is then called permanent and the 
system liquid) *. 

In this paragraph we shall be concerned exclusively with liquid systems. With 


d*' 

regard to them Newton had already noted that the velocity of deformation ', which 

dT 


' A discussion of the principles of these nutters is to be found in the work of J. M. Bl’hgirs, 
R. N. J. Saal and C. B. Biezenzo quoted on p. 10. See further Fir^i report on viscosily and plasticity, 
prepared by the committee for the study of viscosity of the Ac.idemy of Science at Amsterd.ini, 2nd cd.. 
Amsterdam 1939, and Second report, idem. Amsterdam 1938; these reports arc also to be found 
in Verh. Kan. Akad. It^er. Arnsterdarn, Afd. Naluurkunde, 1: Sectie 15, nr. 3 and 16. nr. 4. 

Also E. C. Bincua.m, Fluidity and pla-.tinty. New York 1922; E. Hatschik, The vi’-coiiiv of 
liijuids, London, 1928 and especully in connection vsith colloid systems, W. PiiiLlMOFi, VuAtmfuf 
der Kolloide, Dresden and Leipzig, 1942. 

- Naturally it is also possible for a system to exhibit a defoniuiion which is partly elastic, partly 
permanent. See p. 30. 
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Fig. 4. Reladoo between 
rate of sbear^ D, and 
shearing stress, t, for a 
NEWTONian liquid. 


namtly" ^ ^h'^ing stress, 

T = i)Z> or Z) = ^ T (18) 

Liquid systems, which follow this law, are called Newtonian liquids: -n, which is 

^ ftf the viscosity (more correctly: the coefficient of viscosity) 

of) internaZ/nction of the liquid. It is also customary to write 9 for iZ] 

;ps.; ‘vr.'fsr.i' r.;xr£3„5r 

glycerine, benzene, etc. are examples of Newtonian liquids! 

The coefficient of internal friction rj can (according to 
Newton) be defined as the force which must be exerted in 
order to produce a difference of velocity of one unit between 
two parallel liquid surfaces which each have unit area and are 
separated from one another by unit length. In c.g.s. units one 

therefore gives tj in —• The unit of viscosity is 

called the poise (after Poiseuille). This unit has the attraction 
that for water at 20°, >) = 0.01005 poise, thus practically 
amounts to 1 centipoise *. 

There are however many non-Newtonian liquids and the 
D . diagram can then exhibit various other shapes *. We shall 

restrict ourselves here to the types most important in regard to colloid systems. 

The case of Fig. 5 is characterized by the fact 
that the cuiye does indeed go through the origin but 
IS not a straight line; the viscosity rfD therefore de¬ 
creases as the shearing stress increases. The same thing 

holds indeed for ~ which is called the differential 

viscosity. Example: VtO# sol and other sols with 
anisometric particles (Chap. IX, § 2 b, p. 345). 

The case of Fig. 6 is significantly different. The 
curve does not go through the origin; until the 
shearing stress has reached the value x/, there is no 

, P^^'^^^nent deformation (though there is an clastic one; 

up to the system behaves as a solid substance). At values of x > x/ the flow 
begins, the viscosity ^ decreases until it reaches a constant value at the value x„ ; 

called the value. Example: pastes of clay and other substances. ^ 

d^i^^ We shall merely remark that^oneSdliguilts'bet^^^ 

Further detail on this matter in the works quoted on p 21 

’■ i" ■». Fir., report. ,„o..d „„ p. 21 



Fig. 5. Non-NEWTONian liquid. 
Differential viscosity decreasing 
at increasing shearing stress. 
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value; t/ is the first or lower yield value, -vg (according to Bingham) is the t value 
found by extrapolation of the linear part of the curve, and the maximum yield value, 
which is the t value where the linear part begins, rg is very appropriate for practical 
purposes in which one in fact idealizes Fig. 6 to Fig. 7. 



Pig. 6. Plastic system, y = First yield value. Fig. 7. Idealized D-t diagram for a 

-TB= Bingham yield value. Bingham plastic system. 

Tffl — maximum yield value. 

Next attention may be drawn to the fact that there arc suspensions which are 
characterised by a Dt hgure of the type of Fig. 8. From onwards no increase of the 

velocity of deformation is produced by increase 
of the shearing stress. The phenomenon is 
called dilatancy and an example is to be found 
in finely ground quartz which is diluted to an 
approximately 42 per cent suspension in water. 
(Further detail on this Chap. IX, § 3 c, p. 354). 

In the previous sections it has been 
tacitly assumed that the value of D for a 
particular t is independent of the time. 
In the domain of colloids systems occur, 
however, in which that condition is found 
not to be fulfilled, namely those which show 
the so-called thixotropy. A freshly shaken sol of FciOa (to which a little electrolyte 
has been added) behaves initially as a Newtonian liquid, but in the course of time it 
becomes plastic with a continuously increasing yield value. Brisk shaking restores the 
original state (for further details on this point see Chap. IX, § 5 d, p. 363). Such a 
system can therefore not be described by a D- diagram but demands a Dt t figure. 

It should be observed that in plasticity there is obviously a mutual attraction of 
the dispersed particles, which gives rise spontaneously to a system in which the par¬ 
ticles adhere to each other; a yield value is necessary to cause the system to flow. 
The same is the case in thixotropy, only the adhesion does not take place spon¬ 
taneously; it is moreover finally still so weak that it is completely destroyed by shaking. 
With dilatancy there is no adhesion at all (the curve goes through the origin), but there 
is a mechanical mutual hindrance of the particles in the concentrated suspension whereby 
the particles are packed together with a large deforming force into a “solid" complex. 



Pig. 8. Dilauncy. Increasing shearing 
stress does not increase the rate of shear. 
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An eS^ss'cn“Fth": ‘” «-"P—• 

>) = (19J 

fh^ToI tzTamT"‘ 1 ^well. The form of this formula is reminiscent of 
the Boltzmann relation; the question, what potential energy comes in here has 

received many kinds of answers ■, depending on the assumption made regarding the 

friction of Thn— m connection therewith — the nature of the internal 
fricti^on of a liquid. It has meanwhile been found that the influence of the temperature 

on the viscosity is closely related to the expansion of the liquid; the fact that the same 
number of molecules as a result of the rise in temperature come to occupy a larger 
volume, explains lor the greater part the decreased internal friction *. 

Equation (19) can be written in the form: 


log >} = 4' + B'lT 

from which ir is therefore seen that a linear relation is found when 
against I IT. 



one plots log ij 


c. 2. Viscosity measurements on sols 

^ ‘u "? ^"t="ded to treat the question of the determination of 
viscosity of liquid colloid systems m detail here», it is nevertheless desirable to indicate 
the two most customary methods. 

The method most frequently employed is that of capillary flow. The pressure, 
under which the liquid flows, furnishes the shearing stress in this case; the velocity 
ot detormation is inversely proportional to the time which a particular volume of the 
liquid requires to pass through the capillary. 

PorsEUiLLE * has shown how one can calculate the viscosity when the volume V 
of a hqmd of density p flows through a capillary of length / and radius r in a time f. 






8/ 


t 

V 


( 21 ) 


in which g is the acceleration due to gravity. 

If a viscometer is really to furnish exact measurements of then it must satisfy 
the conditions assumed in the deduction of Poiseuille’s law (no turbulence, no laminar 
flow outside the capillary, etc.). An instrument, which to a great extent satisfies these 
requirements, provided it is well constructed and used with judgement *, is the Ostwald 
viscometer which is depicted in Fig. 9. The instrument is however less suitable for 
the absolute determination of r, by means of Poiseuille’s law, but there is hardly 
any need for that in colloid science. The instrument is calibrated with water for which 

■7^™ - the report 

‘ review quoted in the previous footnote see especially W R Van Wine inH w A 

ER P/i>.nc« 4 (1937) 1073; 6 (1939) 133; W. A. Seeder. /?.«., UtreTht 1943 ’ 

1 reference may be made to the works mentioned in footnote 1 on p 21 

.. (3) 21^18^7)76!'''^' ' 12 (1841) 1041; 15 (1842) 1167-Ann. chim. et. 

Sec E. Gruneisen, Wis$. Abhandl. physik. tech. PeicMunrra/t 4 (1904) 153-sec also H G Run 

“ r;7 f'T p. 21 and in pariicub; p. 110 ° 

V. Osiwald, Uhrbach der allf’ememen Chemie. 2nd cd., part 1. Leipzig 1H9L p. 550. 
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absolute measurements at various temperatures are known and the desired viscosity 
of the sol is then determined by means of the expression: 



^IW pB> 



in which the subscript w refers to the water, s to the sol. It is in all respects desirable 
to raise the accuracy of the measurements to V"! since it will be seen, in the next 


r, 


subparagraph, that the quantity - - 



(in which r,, is the viscosity coefficient of the 


medium) plays a great part in colloid science; it is just this difference in the nume¬ 
rator which makes great accuracy in the determination of y) necessary. 

In order to determine to which of the types of the previous subparagraph a sol be¬ 
longs, measurements must be carried out at various shearing stresses, that is to say at 
various pressure differences. For this purpose a viscometer as shown in Fig. 10 is used; 



Fig. 9. OSTWALD- 
viscometer. 



Fig. 10. Two designs of vis¬ 
cometers for investigating 
the dependence of the visco¬ 
sity on the rate of shear. 
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Fig. 11. CouETTE-viscomctcr 
A outer cylinder 

B inner cylinder 

c torsion wire 

d mirror 

D driving svhecl. 


the apparatus is filled successively witli increasing amounts of liquid, so that tlic 
level stands successively in the lowest, tlie middle and upper lefthand bulb and so 
works with a lower hydrostatic pressure each time. Higher pressures can be obtained 
by applying an air pressure above the level in the righthand leg. For plastic 
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are'uTedt'*' constructed for the purpose 

the w *‘’ich is fairly often used in colloid science, is 

s illustrated bv Fio’ U A h Tl"'" ""d the principle of which 

IS Illustrated by Fig. 11. A hollow cylinder A is set in rotation by some mechanism £>• 

a cylinder B is suspended by a wire c (on which is a mirror d) co^alW S T In 

the space between A and B is the liquid, for which one wishes to determine ti Thanks 

friction the cylinder B experiences a rotation and the wire a torsion- 

and '■ot^tion can be determined with the aid of a beam of light on the mirror c 

and a reading telescope. The couple exerted on the cylinder B is Krix, in which K is 

Xdera r =''8ular velocity of cylinder X,: " r^iSultlhe 

ylinder B experiences a rotation, characterized by the angle of torsion 3 of the sus- 

pension wire. If the apparatus is first calibrated with wafer (subscript w) and then 
the torsion angle for a sol (subscript s) is measured, the expression 

nr 

^4- r,^ ■ a, 

furnishes the desired value of r,,. since direct proportionality with 0 exists for not 

of shearine^ rotation. Investigations can again be carried out at various values 

ot shearing stress by giving various angular velocities to the cylinder A. 

instram*^r^,I with some claim to accuracy with this apparatus many 

affnl ? be satisfied as with the capillary viscometer; it is 

account than the capillary viscometer but can offer some advantages on 

It should also be mentioned that, especially in industrial applied colloid 

!nhp ?' me^urements are also made by measuring the rate of fall of steel 

me^nded fo bubbles, but these methods can seldom be recom- 

mended for exact scientific investigation. 

c. 3. Viscosity and sol concentration. Electroviscous effect 

When a particle IS dispersed in a liquid this disturbs the flow of the liquid, the 

ElN-ff N >s consequently higher than that of the pur^e liquid, 

nffblfl .calculated this disturbance by investigating how the energy dissipation 

“ended ^ of a spherical particle He then ex- 

flow ^ndrh ^ number of such particles checking the 

flow, and then arrived at his well-known expression; ^ 

■fli = >lo (1 ^ *9) (24) 

ro.mdZ r "i'’' °f 'h' d'sperse system and that of the sur¬ 

rounding hqmd; -f ,s the volume fraction occupied by the dispersed particles while * 

partial" 'p°’ 24 l 7 s'l repor, quoted on p. 21 and in 

2 M, CouETTE, >lfifi. phys. et chim., (6) 21 (1890) 433 

noie I see toot- 

A. Einstein. Ann, Phystk, (4) 19 (1906) 289* ^4 moti\ ^qi t o • • 

Second report (p. 128 « seg.) quoted on p. 2L ‘ ^ 
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is a constant which for spherical rigid particles, which carry no electric charge and which 
arc small compared with the diameter of the flow capillary (or the distance between 
the cylinders in the Couette apparatus), amounts to 5/2. If the particles are anisometric, 
we have k >5/2, if they are, as in emulsions, deformable drops we have k < 5/2'. We 
shall restrict ourselves here to spherical rigid particles, which are present in small 
concentration; a discussion for anisometric particles occurs in chap. IX, § 2b, p. 345. 
and for systems with higher concentration in chap. IX, § 3, p. 350. 

The correctness of the expression 

■/J, = >lo (1 +5/2 9 ) (25) 

has been tested many times with good result *, provided the conditions mentioned 
above: rigid, spherical uncharged particles: were satisfled and furthermore only for 
small values of 9 (it is really a limiting law for 9 = 0 ). 

We write equation (25) as follows: 



(26) 


The quantity —, that is therefore the viscosity of the disperse system divided by 


that of the medium, bears rightly the name of relative viscosity. 


■^1 — 


gives the 


increase of the relative viscosity resulting from the dispersed particles. Very incorrectly 
this quantity is often given the name of specific viscosity though specific increase in 
viscosity is justified. We shall use the latter term and symbolize it not by but 

by A r,jp. 

That this quantity specially deserves attention can be seen from equation (26): 
it is exclusively determined by the volume fraction 9 , occupied by the dispersed phase. 
Conversely one can therefore calculate 9 if r^, and have been determined. 

We shall write Einstein's equation somewhat differently. When we have a system 
which contains 1 volume per thousand of dispersed phase, thus 9 = 0 . 001 , we have 
the equation 



0.0025 


(27) 


that is to say, this 1 volume per thousand gives an increase in the relative viscosity 
of 2'/,®/ . It should be noted that this increase is independent of the fineness of 
division of the dispersed substance, the degree of dispersion: it does not matter for 
the viscosity whether this substance is present in 1000 or in 100,000 particles per cm^ 
(n. 6 . only with spherical particles). When now one has a system with Cv volumes per 
thousand, the equation becomes 



■ft Cv 


0.0025 Cv or 
0.0025 


(28) 


' M. Von Smoluchowskj, Kolhid-Z., 18 (1916) 190. 

^ Sec especuily F. Eirich, M. Bunil, anJ H.Margabetha, KoUoid-Z., 74 (1936) 276, and chan.IX, 
2a, p. 344. 
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1 at present caUed the rntriruic i^tscositu, 

hZTlh ^ objection can again be raised since the quantity certainly does not 

have the nature of a viscosity, [t)] = 0.0025 is therefore a quantity charaLristic of 
all spherical colloids and these are thus recognisable as such by it. 

In later chapters it will be seen that many colloids have the ability to bind solvent 
(at any rate to make it immobile) either on their surface, or in cavities thereon or 

subsTnr^* ■ ® solvation (or hydration). When one volume of dispersed 

substance immobilises a volume S of the medium, equation (28) then becomes: 

[>j] = 0.0025 (5 + 1) » (29) 

equ'atiL^^M)^" determine the solvation of a spherical colloid viscosimetrically from 

equation has been extended by Smoluchowski > for the case where 
the dispersed particles are the carriers of an electric double layer. The outermost 
layers extending into the liquid, which are carried along by the moving liquid ex- 

orthr'iLef'Tf opposite charge on the particles, whereby an extra increase 

In ukes on =»«,). The modified equation 


’ll —ri. 


= *?[! + 





(30) 


* ** * A. /V/ 

conductivity and e the diclectric^'constant of the system, r 

later con^ H^ ^ difference of potential in the double layer. A^ough 

noT npv!.^rh 1 quantitative correctness of equation 

infA'd w ^1 electroviscous effect opens possibilities of obtaining an insight 

nto double layer potentials by means of viscosity measurements. Since we shall see 

ImL.w significance these are in colloid science, it is under¬ 

standable that the viscosity of colloid systems is all the more important because of it. 

d. Mechanical properties of solid colloids 

It will be clear from the previous section how much the study of the rheo- 
r?nvpl the structure of colloid systems and how this 

conversely furnishes data on that structure in so far as the latter is not known a priori. 

The same thing holds in the solid systems for the mechanical properties; there also 
the consequences of apphed deformation are governed by the structure of the system. 

I he deformations can be of various characters, such as pressure, traction, bending 
or torsion; the consequences to be measured can be connected with extension, fracture, 
permanent or elastic deformation, etc* 

th . to discuss all such mechanical properties at present; 

tha^^be more appropriate m vol. II, chap. XII, p. 483 and chap. XIII, p. 652, 

‘ No account has been uken of the fact that the amount 5 is also deducted from the amount of 
medium because Ebstein's equation is a limiting Jaw for infinite "O"* 

Th> Elektrizitdt und des Magnetismus II, Leipzig 1921, p. 420. 

which Von Smoluchowski s aritcle occurs, had however already appeared in 1915. 

feefum of hfs dJatT given here never appeared from the writer's own hand on 

A 203 a9?o!*5^'^PPak^h^^'’'^TV but especially F. Booth, Proc. Roy.Soc. London, 

the see also chap. IX, § 2c, p 348. In the case of deformable panicles (chainmolecules) 

Hepma^I -r^ A" by a change in form of the particles. See f.i. J. J. 

Hermans and J. Th. G Overbeek, Rec. frov. cftim., 61 (1948) 761. * ■* 
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which arc further occupied with solid coUoids. We will only discuss a few principles 
here and point out broadly how they are connected with colloid structure. 

When a solid body is compressed under hydrostatic pressure, one calls the change 
of umt volume per umt pressure the compressibility. This quantity plays no particularly 
important role in colloid science. In contrast to this the consequence of a unidirectional 
pressure or a traction is much more informative. For the sake of simplicity we restrict 
oureelves to a traction with the resultant elongation; the considerations hold just as 
well for umdirectional pressure* 

A stress P is exerted on a body of length and cross section : let the stress per 
umt cross section Pjq, be indicated by o. As a result the length increases to /. One 
should bear in mind that because of the elongation the cross section q, decreases to a 
and account must be taken of this for the calculation of <t from P. If the volume remains 
co^unt during traction (which is usually but not always the case, see Vol. 11, chap. IV. § 10 
P* ^.27,chap.XIII,p.652)^69/and consequently g = c / //. 

The first question is now whether on removal of the stress the length returns 
cntirdy to /„. If this is the case, then we are dealing with an elastic phenomenon 

Htoke gave the foUowing law for this case: if a stress do produces an elongation dl 
then there exists the following relation between these quantities: 



m whi^ch £ is a coefficient of proportionality, which is called Young's modulus. The law 

omy hol^ for small values of do, which should be remembered, when one writes 
the law in the often customary way 




(32) 


in words: the specific elongation (compare p. 27, where the specific increase in vis 
cosity was discussed), often called the strain, is proportional to the stress. 

From (31) it follows that Young's modulus E 



while one sees from (32), that when o 
therefore £ can be defined as the 
stress which is necessary to stretch a 
body to double its length, although in 
general of course at such an enormous 
^ongation the limit of validity of 
Hooke's law has already been long 
exceeded. 

Curve A in Fig. 12 which gives 
the type of behaviour of vulcanized 
rubber, shows that for a series of low 
values of a the linear dependence is 
found, as required by Hooke's law; 
3 t higher values -the deformation 
remains reversible but the limit of ap¬ 
plicability of Hooke's law is exceeded. 


= £ the elongation I — l^ = l^ and thus I = 21,; 
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Curve B represents the type of steel; in this case also an initially linear course, although 
with an enormously greater modulus of elasticity, and afterwards again a deviation, 
however in the opposite sense. Other types lie between these two extremes; the 
course of the curve evidently is related to the internal structure of the material, hence 
these curves can furnish us with information on the latter, as will be set out further 
in the appropriate chapters. 

Meanwhile reality is more complicated than has been sketched here. Elastic 
recovery does not in fact always take place spontaneously; the strain-stress curves 
should be determined extremely slowly since the shape of the curve when no 
account is taken of these relaxation phenomena is dependent on the rate at which 
the curve has been determined. The usual instruments are, however, practically never 
suitable for perfectly exact measurements. They only guarantee an increase propor¬ 
tional to the time cither of the elongation or of the stress. Really one therefore ought 
to determine a set of curves which show how the deformation varies as a function 
° u^",f constant load and one ought to construct isochrones that is curves 

which give the relation between load and deformation at constant time of loading, 

trom the three-dimensional figure obtained by plotting the deformation as a function 
ot the time and the load. 

In addition it should be borne in mind that frequently a portion of the potential 
energy which is communicated to the object on elastic stretching is dissipated as heat. 

1 he curve, which is recorded on loading, is then not identical with that on unloading, 
the so-called e/ouic hysteresis occurs. But even this property will be seen to furnish 
important information on the structure of the system (vol. II, chap. XII, § 9d {3, p. 647). 

If of course the unidirectional traction is continued still further, then one 
reaches the breaking limit which is likewise an irreversible process. In this case also 

the corresponding coordinates of the strain-stress curves give information on the 
Structure of the system. 

Starting from the reversible clastic phenomena we have thus already discussed 
some cases which go outside this limit. Another case has already been encountered 

in § 4 c 1 on p. 23, namely the plastic 
phenomena. We have already pointed 
out there that the system behaves up 
to the yield value as a solid substance 
with elastic properties, but above that 
value begins to flow. That also must 
be related to the internal structure and 
therefore give information about it. 

One and the same material can 
of course exhibit several of the pheno¬ 
mena described; we give an example 
in Fig. 13, in which the length I is 
given as ordinate (the origin is chosen 
at while the time is plotted as 
abscissa. The traction process occurs 
between the time 0 and t, then the 
.strain is removed, the elastic recovery 
takes place practically instantaneously 
' See Wi-:r,tNi;M, Kunmciuc. SiiiU-, 46 (J94]) 298, 342 



'j ^2 0 K 


1*1).’. 13. Strain .is i fitnction of umc. Conibinalion of 
elastic .ind pljsiic dcformaiions. 
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(li to fj), to continue as elastic after-effect from f, to fj. Then (fj to 14 ) no further shorte¬ 
ning takes place: the ordinate of 4 represents the plastic deformation which has taken place. 

It is now of importance to make a distinction between those cases, in which the 
permanent or the plastic deformation which the material shows after the loading experi¬ 
ment can be removed wholly or partially under the influence of certain treatments 
and those cases in which this is not the case. 

Such a permanent deformation can in fact in macromolecular systems sometimes 
be reduced to zero again through special treatment such as heating or swelling. The 
recovery is, so to speak, blocked by one cause or another. This blockage is removed 
again by the treatment mentioned. The system then has a latent elasticity and the 
recovery which takes place after the application of certain expedients is called the 
latent recovery *. If the total amount of the spontaneous and the latent recovery is 
such that the deformation has returned to zero, then one can speak of a perfect elastic 
behaviour of the material; though with a latent recovery. By perfect elasticity without 
further qualification one understands those cases in which the material after the removal 
of the load returns to its original state after a shorter or longer time, thus those cases 
in which the deformation already returns to the value zero by the spontaneous recovery. 

It goes without saying that the property of perfect elasticity (whether or not 
associated with latent recovery) indicates a special internal structure (see later). 


c. Discussion of the mechanical properties in terms of models 

Attempts have often been made to represent the behaviour of solid colloid systems 
on deformation by mechanical models, which consist of a combination of elastic and 
viscous elements. The elastic elements are represented by springs and the viscous by 
dashpois, the motion of which is retarded by a viscous liquid. Since in actual systems 
one is also always dealing with a combination of elastic elements (by which potential 
energy can be stored) and of internal frictional resistances (m which energy is dissi¬ 
pated) the analogy is more than a formal one. One can indeed often make a useful 
picture of the deformation mechanism by the construction of such models. 

Without going far into this matter here (see vol. II, Chap. 

IV, § 6 a, p. 107) we will discuss the properties of two of the 
simplest of such models. 

In the first case (Fig. 14A) an elastic element (spring) 
and a frictional resistance (dashpot) have been connected in 
series. It is assumed of the spring that on loading it by a 
force K a relative elongation 

a: aK ( 34 ) 

is produced where a is a constant characteristic of the spring. 

The dashpot is supposed to move under the influence of a 
load K with a constant velocity 

dx 

d, ^ * <35) 

where 6 is a frictional constant. 

^ On applying a load the system which is known as a 
Maxwell liquid , shows the following properties: 





' This is also called retraction in the literaiurc. 


Fig. 14. Spnnq and dash- 
poi model for viscoelas- 
iic behaviour. E la sue and 
VISCOUS elcmctu in scrle^ 
*’MAX\VF|.L'*'ljqiild. 
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3. 


4. 


“"'y ^ short time, only the spring comes into action 
theli reveSb™ ™* behave as a perfectly elastic body. Its elongation is 

With loadings of longer duration the dashpot also starts to move and traverses 
a distance tK b m a time t under the influence of the load K. In Fig. 15 is shown 
how the extension x (upper part of the figure) varies under the influence of a load K 
applied from time 0 to r (lower part of figure). 

After remwal of the load at time t, the system springs back immediately over the 
distance aK and has experienced a permanent elongation tKjb. 

With continuous loading the deformation does not cease but "flow” continues 
Without limit. 



M I 

I 



Fig. 15. Stress (lower part) and strain (upper 
part) as a function of time for the model of 
fig. 14 (constant stress between i — 0 and r -• t) 


Fig. 16. Stress (lower pan) and strain (upper 
part) as a function of lime for the model of 
fig. 14 (constant stress between r 0 and ( — r). 


It IS of interest to see what happens (Fig. 16) when one rapidly imparts an elon¬ 
gation a: to the system and maintains it constant during the time i. The tension at the 
first instam is naturally again Then however the dashpot begins to move; thereby 
the spring is continuously shortened and the tension decreases gradually. (Relaxation). 

It can easily be shown mathemaiically that the tension decreases according to the 
equonon ^ 


.X - f/0 

- c ' 

a 


In tins U ah It represents the time at which the tension has decreased to I/e 
of Its initial value. It is called the relaxation time of the system which, as we see, is 

.1 fund ion of the elasticity modulus of the elastic element and of the plasticity modulus 
of the plastic element. 

One can in principle replace the system of Fig. 14Aalsoby that shown in Fig. 14B. 

Here the two elements are united into a single element, in that the spring iLlf is 

considered to be embedded m a viscous liquid. If a force K acts on the spring, then 

die latter is draqged through the viscous liquid and naturally is stretched thereby. 

This pK-rurc corresponds rather more to the actual situation in elastic, plastic materials. 

hut however brings with it some complications (though unessential ones) for the quan- 
tit.itive treatment. ^ 
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We now consider the second arrangement of the parallel connection of the two 
elements, which is shown in Figs. 17a and b. The difference between Fig. 14b and 
Fig. 17b is that the spring is in this case rigidly attached to the bottom of the cylinder. 
This system has obviously the following properties: 

1. For loadings lasting a very short time nothing at all happens, since the sluggish 
dashpot must first start to move before the system can experience an elongation. 

2. With loadings of longer duration the following happens: The dashpot begins to 
move. Its velocity gradually decreases however since the spring takes up an ever 
increasing part of the force loading the dashpot. Calculation shows that the elon¬ 
gation of the system at time f amounts to 


X = oK H—e 


(36) 


The system only comes to rest after an infinitely long time and x becomes equal 
to aK (sec Fig. 18, which is arranged in the same way as Fig. 15 and Fig. 16). 
Here again 0 is the relaxation time of the system. 


i 



Fig. 17. Spring and dashpot in pa¬ 
rallel. '’KELVlN'’-SOlid. 


I 



Fig. 18. Strain (upper part) as a consequence of a constant 
stress applied between t = 0 and r = l to the model of Fig. 17. 


3. If one removes the load at time t. then the system springs back slowly and also 
again with decreasing velocity. The initial state is reached again after an infinitely 
long time (Fig. 18). The spring is no longer in tension and the elongation has again 
disappeared completely. The deformations are therefore completely reversible, 
only there is a delay in their establishment on account of the internal friction. 

4. With a loading of infinite duration the elongation is always a limited one which is 
approached asymptotically. 

We see that the system of Fig. 13 exhibits features both of the Maxwell liquid 
(Fig. 14) and of the Kelvin body (Fig. 17). The permanent deformation also 
occurs in Fig. 14, the elastic after effect only in Fig. 17. 

In so far as the permanent deformation can be removed by a latent recovery, 
one can symbolize it in Fig. 17 by the assumption that the spring or the dashpot 
becomes blocked after a certain retraction has taken place. The latent recovery can 
only take place after this blockage has been removed. If the permanent deformation 
>s of non-latent character, then one model can be connected according to Fig. 14 and 
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°n therewith entirely explain the behaviour shown 

consisting of several systems of the kind shown in Fig 14 

in parellel or in scries, models appropriate for other fases 

occurrence of more than one 
relaxation time in a given material can be reproduced ‘ 

svstems'the"rnt'/'.f?K^ deformation of macromolecular 

sys ems the role of the springs can be taken over by the twisted chains of the macro- 

rnolecules, which can be compared to a certain extent to these springs, although their 
but canaLh "h* connected with the storage and redelivery of potentiafenergy 

§ 9, 7627° cLt XlTi:"p.'652T '''' ^ 

perfect elasticity (connected or not with a latent recovery), of which 
the ^svLm ^ vulcanized rubber, can then only occur when the Llecules of 

distur^h^/nT continuous and everywhere connected network, which is not 
disturbed on deformation. In the model this means that there are no dashpots to which 

sormo"/artconnected m parallel (or according to the Figs. 14B and 17B, that the 

Sfatinn r ?vf Connected to the bottom of the cylinder). Only under that 

stipulation can the system return to its original state before the deformation. 

nent llnnl' 'I T' ^^ non-latent perma¬ 

nent elongation after the loading. The system has then exhibited a real permanent flow. 

lion . behaviour on deforma¬ 

tion can give valuable indications on the internal structure of the systems. 

f. Optics 


/. 1 . Light absorption 

^ =o‘; it can also be a solid sub¬ 

stance) and leaves .r agam, the mtens.ry is diminished; one then speaks of absorption. 

a'Lmntm"nWh'"®t^° °u"' ^P'«tum than fot another (selective 

absorption) then this determines the colour. Two kinds of absorption can be distin- 

fmo^hM/r'd'"'’*""’ ■" 'it' tadiant energy taken up is transformed 

7,77 f, "'t^tvntme absorption, in which this is again emitted in another way 

^e rZm Both kinds occur in disperse systems; in 

Icr It T f'" f Ptttfcles consumptive absorption takes 

place, at the surface of the particles conservative absorption occurs. 

to ,h 7 ^'tBpftagraph to the total absorption and return 

to the conservative in the next one. 

Let the intensity of a parallel, monochromatic beam of light on its entry into 

mcidenr absorbed, is directly proportional to the intensity of the 

ligh? Thu? ' ^ ^ thicknesses absorb equal fractions of the incident 

_ — hC/dx (37J 
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in which x is the layer thickness; the 
tinction coefficient. 

On integration we have 

I. 


constant of proportionality K is called the ex- 



Beer now has formulated the law for solutions that increase of the concentration 
should be equivalent to increase of the layer thickness. The Lambert-Beer law therefore 

t ^ »m * 


reads as follows: 


or In 


/x = /<, e 

lo 


-Kcx 


= Kcx 


Now one defines 


/o 


the extinction E: In — Kcx 

1 y 


the relative transmission D: 


= e 


-Kc X 


(39) 


(40) 


(41) 


(42) 


the relative absorption A : 


L—I 


= 1 —e 


-Kc X 


(43) 


The laws of Lambert and Beer are also found to be well satisfied for colloidal 
systems, provided that by the change of concentration nothing is really changed except 
the number of particles per cm* (thus no changes in solubility, swelling etc.) and 
provided one does not go to such high concentrations that the results are affected by 
multiply scattered light ‘. 

/. 2. Scattering 


When a beam of light passes through a disperse system, the dispersed particles 
of which are small compared with the wave-length of the incident light, then the light 
IS scattered in the sideways direction at the boundary of those dispersed particles. 
If the beam of light passes through a homogeneous liquid, then, viewed perpendicular 
to the incident direction, (preferably against a dark background) it is invisible; in the 
presence of the dispersed particles, the beam of light is clearly seen*. This pheno¬ 
menon, which we shall discuss as the so-called Tyndall * effect, is distinguished from 
fluorescence and Raman radiation; if the incident light is monochromatic, then the 
Tyndall light is also monochromatic and of the same wave-length; it is already 
completely distinguished from the two other radiations mentioned by this fact. The 
Tyndall light is furthermore polarized even when one illuminates with ordinary 
light; if however the incident light is itself already polarized, as indicated in Fig. 19 
by the arrows, then the light beam is clearly seen in the liquid if one looks, as drawn, 
through the front (or back) window of the cell (therefore J_ to the direction of vibra¬ 
tion), it is however missing when one looks from above (or below) into the cell (that 
is // to the direction of vibration). 

• See Fr. B. Gribnau, H.R.KRUYT.andL.S. OfiNSTEiN.Kolloid-Z.,75 (1936) 262, which contains 
a review of the literature and a discussion. 

* It is true molecules also scatter (Rayleigh has already explained the blue sky as scattering of 
sunlight by the molecules of the air), but this scattering is so much smaller that it is practically negligible 
compared with that of the colloidal particles. 

*J. Tyndall, Proc. Roy. Soc. London 17 (1868) 223; Phil. Mag.. (4) 37 (1869) 394. 
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case “ ‘ ‘he intensity of the scattered light for the 

fhe raars1L“r™dTah,7'*' "Ph °f ‘he incident light. He then^nds that 

tne total scattered light h, scattered by v particles per cm^* amounts to 


/r = /, . 24 Tt^ 


V- 

37 


n 


n 




(44) 


in which is the intensity of the incident light, 

V the volume of one particle, 

X the wavelength of the scattered light in the dispersion medium, 
n, the refractive index of the medium, 
n, the refractive index of the particle material. 



Fig. 19. With vertically polarized light the TYNDALL-scatcerine 
IS maximal in the horizontal, absent in the vertical direction. 


For this discussion it is therefore assumed that the colloidal particles can be 

considered as separate scattering centres and that the optical constants of the particles 
can be measured. ^ 

In many cases this is not the case however. Better results are obtained by ap¬ 
plying fluctuation theory. It has in fact been found that in gases and liquids a light 
scattering, though a weak one, occurs which is a consequence of density fluctuations 
resulting from local variations in pressure and concentration. The theory of this 
light scattering has been developed by Von Smoluchowski and by Einstein and later 
applied by Debye to macromolecular solutions. In essentials one arrives at the same 
result as that given in formula (44), but a refinement occurs because in principle account 
IS taken of the mterference of the scattered light from particles situated close together. 

The advantage of this latter theory is that one need only know the optical pro¬ 
perties of the colloidal solution and the solvent. A comparison of the two theories is 
given in chapter III, ^ 2h, p. 92. 


^ P. Debye, J. Phys 6r Colloid Chem , 51 (1947) 18 
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From formula (44) one learns the most important properties of light scattering, 
namely 


/r oo . V 


(45) 


that is to say, (1) that for a given particle size V, the intensity is greater the greater 
the sol concentration; (2) that at a given concentration by weight of the dispersed 
phase (thus V^v constant) the intensity is greater the greater the particle size; (3) that 
on irradiation with white light the Tyndall light contains an excess of light of small 
wave length. 

This theory explains that many sols of substances, which do not themselves 
absorb visible light, scatter blue light sideways (mastic, sulphur sols, diluted milk etc.), 
on examination in the direction of the incident light are clear but yellowish red (com¬ 
plementary colour to blue) while seen in diffuse light they appear cloudy but white 
through the mixture of transmitted and scattered light. 

If the illumination is made with ordinary light, then the scattered light is wholly 
or partially linearly polarized. The ratio of the intensities of the light polarized in two 
mutually perpendicular directions, for example, in the vertical and the horizontal 
direction, can be readily measured with an analyser (Wollaston prism and Nicol); 
it is equal to tan where ^ is the angle through which the Nicol must be rotated 

with respect to the principal axes of the Wollaston prism '. Mie and Cans ^ have 
predicted this ratio theoretically. Fig. 20 reproduces their results for very small 



FiR. 20. Giving ihe ratio of polarized and unpolarized Tytoall-IirIu 
in different directions. Cross-hatched part represents polirized part of 

the scattered light. 

spherical particles. A beam of light strikes a particle P-, the figure gives the light 
intensity which one observes for various angles (-) with the direction of illumination 
L^L., with the understanding that the part of the radius vector which lies in the shaded 
region represents the polarized, that in the open region the unpolarized light; one 
therefore sees that J to L,L, one only observes completely polarized light. 

If the particles are indeed small compared with the wave length of the inciden 
light but not spherical, then tlic scattering and the pol.irization depend on the orienta 
tion of the particle with respect to the direction of illumination. A needle-sh.ipe 
particle for example, scatters a maximum amount if the light falls to tlic Ion 

‘ See F. Weichept, Oplisthe MuhoJen <Jer Chemie, L.eipziK 1927, p. 126; B. La.sce, Z- physi 
Chem.. 132 (1928) 1. 27. 

“ G. Mie, Ann. Physik. (-4) 25 (1908) 377; R. Cass, tbul.. 37 (1912) 881. 
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axis a minimum when it falls // to that axis furthermore the light itself is incom- 
pletely polarized in this latter case. The degree of polarization, the ratio (/r) polar jlr = 
1/0, IS therefore a measure of the anisometry of the particles = provided as stated above 

rario^rf particles 0 = 0 (0 = degree of depolari- 

zation), tor rod-hke sols it can rise to about 03. ^ 

then spherical but of the same order of magnitude as X, 

then the scattering is less than that given by equation (44). Initially the intensity 

sd^r/re^fV‘!f ' through a maximum to decrease again /t 

still greater values . Also the degree of polarization is different; Fig. 21 of Mie^ shows 

how the ratios have changed compared with Fig. 20, which held for very small parti¬ 
cles, the maximum of the degree of polarization no longer lies at 90' but at values which 
can rise to 120 (the latter is drawn in Fig. 21). 


With still larger particles the 
scattering figure becomes very com¬ 
plicated by the appearance of an in¬ 
creasing number of maxima and mi¬ 
nima. La Mer and his co-workers* 
have succeeded in preparing mono- 
disperse sulphur sols with particles 
of various sizes. During the ageing 
one notices the complexity of the 
light scattering by an increasing 
number of colour bands (higher 
order Tyndall spectra) which are 
visible on irradiation with white light 
and observation at various angles. 

Up till now we discussed only sols in which the conservative light absorption 
by scattering far preponderates over the consumptive absorption; if however the 
characteristic absorption of the particles begins to play a significant part as well and 
if electrical conductivity of the particles occurs, then everything becomes much more 
complicated. The extreme case is formed by the sols of metals with their strong light 
absorption and metallic reflection, while those of coloured substances occupy an inter¬ 
mediate position between metal sols and "white” sols. 

An attempt to explain these phenomena was initially undertaken by Thomson, 
Ehrenhaft and Maxwell Garnett «, but it was not until Mie * that a general theory 

was given which was extended by Cans 2 to non-spherical particles. 

We cannot go into detail here about this theory and the experimental tests of it; 





Fig. 21. Polarized and unpolarized scattered light 
for large spherical particles. 


2 n’ ' 29 (1912) 1, Sec also H. R. Kruyt, Kclloid-Z., 19 (1916) 161. 

CAem. i3^''(?928M; 27^ ' ^ (1920) 331; B. Lance, physik. 

®R- Cans, loc. cit. previous note; T. Casperson, KoUoid-Z., 60 (1932) 151 • 65 (1933) 
162. Expcnmerit m F. B. Gribnau. Kolloid-Z.. 82 (1938) 15. 158. and others. 

O. Mie, ioc, cu., p. 37, 

chap. nT°§^2e‘ pMOT. 1 (1946) 71, 79. Sec further 

I'J' Iftad 1893. p. 363 er seq. ; F. Ehrenhaft. 

iV' Math, naturw. Klasse. Abi. I la 112 (1903) 181* 114 n9051 1115* 

J. C, Maxwell Garnett, Phil. Trans., 203 (1904) 385; 205 (1906) 237 

2'^5‘;i90;)'r52!’387; 46o' 
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reference may be made to Chap. Ill, § 2c and 2f, p. 97, 104. We will merely remark that 
in highly dispersed metal sols, such as the Au sol, the consumptive absorption greatly 
predominates over the conservative. The colour of these sols is thus certainly not 
governed by the scattered light but by the absorption of the particles. 

From these two paragraphs it is seen that the absorption, the colour and the 
light scattering in colloids is a complicated problem, which has however attracted 
much attention because of the striking colour of many inorganic colloids'. 

/. 3. UUramicroscopy 

Since the colloidal particles are usually small compared with the wave-length 
of visible light, the ordinary microscope can furnish no image of them: the slight 
disturbance which such a particle causes in the incident light is too weak to be observed 
against the incident light. The ultramicroscope is intended to ensure that the incident 
light does not strike the eye of the observer and he thus only observes the scattering 
produced by the particle, against a dark background. An actual image formation is 
not attained in this way, only the presence of the particle is ascertained; it is only 
when the particle is of microscopically observable size in one or two dimensions 
that such can be established from the shape of the diffraction image. 

The various types of ultramicroscopes can be divided into two kinds: those with 
orthogonal and those with coaxial illumination. 

The slit-uliramicroscope of Siedentopf and Zsigmondy follows the orthogonal 
principle (see Fig. 22): the light of a self-regulating arc lamp d is concentrated by 



Fjr. 22. Slu-ulirjmicroscope of Siedintopf and Zsicmopjdy. 

by the lenses /, h and m into the preparation, which is viewed by the vertically arranged 
microscope. At g is an adjustable slit through which a beam of light of only a few 
height enters the preparation. One thus really observes the Tyndall light of each 
separate particle; experience has shown that one observes metallic particles 
difference between n, and n„ in equation (44)!) as individual images down to 5m|i, 
inorganic salts and similar substances to about 20 my.; the limit lies higher with organic 
substances. If the particles are a little below the limits of visibility, one only sees an 
undifferentiated cone of light; with still smaller particles one sees nothing at all. 
One calls the particles, if they are visible m the microscope, microns, m the ultra- 
microscope, ultramicrons, and if they are not visible in the latter, amicrons. 

* The gold sol especi.illy h.is been studied extensively; sec R. Zsicmost)Y .ind P, A. Thii-ssfn, 
Doi Kollotde Gold, LeipziR 1925. 
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scr.bL1n?hetrevrous''™X'^^^ '^ose de- 

exh.bit themselves in the colour of fhe scatte7ed"'ight".“”'’""'“"‘'^ 

condenser holder Oif'rmlcrorcope'*so'thar”*' ^ ‘x inserted in the 

aperture than that of the illuminating cone is used- 

thus once more only the diffraction images of particles' 

which may be present, are observed against a dark 

background. Much used types, in which use is made 

ot the aperture difference, are the paraboloid- and the 

cardioid condenser, for which the path of the rays is 

depicted in Figs. 23 and 24. The limits of visibility 

are of approximately the same order as in the slit 
tiltraiTJicroscope. 



> / 



Fig. 24. Cardioid condenser. 


Fig. 23. Paraboloid condenser. 



Fig. 25. Left: Azimuth diaphragm in combination with 
cardioid condenser. Right: Azimuth diaphragm. 


.n th« In ‘’"'"''""“'■'hogonal and coaxial .llumination consists therefore 

dyr^'dfrecuon'eadrtune?'’'*' » 


a,., p. P 2 and R. Zs.cMonpv and P. A. TnurscN, /„r. 

• A. SrievAHr, 2. physik. Chem., 112 ( 1924 ) 277 . 
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Another way to observe colloids optically lies naturally in the direction of irradia¬ 
tion with vibrations of shorter wave-length. Ultraviolet light has led to little success, 
mention will be made of Rontgenography in a later paragraph. In the last few years 
the application of electron beams has led to the construction of electron microscopes. 
The glass or quartz lenses are replaced by magnetic or electric lenses, the action of 
which on electron beams corresponds to that of glass lenses with visible light; the 
photo is recorded on a photographic plate. The great advantage above the ultramicro¬ 
scope lies naturally in that in this case actual pictures of the object are obtained. The 
lower limit lies in favourable cases at about 3 mp. On account of the high vacuum in 
the electron microscope it has not yet been possible to investigate colloid solutions by 
these methods. In those cases where one can assume that the shape of the particles 
is not changed by evaporation of the solution, the electron microscope can give useful 
information. See Chap. II § 4 b. 2, p. 75, 77. 

/. 4. Double refraction * 

Most molecules are optically anisotropic; if however the molecules of an aggregate 
he entangled completely randomly then this behaves isotropically. This is the case 
with liquids, glasses and many amorphous substances; crystals, on the other hand 
(except the cubic class), in which each ion or molecule has a fixed position or a particular 
orientation (at any rate vibrates about an equilibrium state) arc anisotropic, thus double 
refracting. In the so-called liquid crystals double refraction can also occur as a conse¬ 
quence of an orientation of the molecules; but even in amorphous solid systems the 
case can occur that the molecules do not lie completely randomly entangled but have to 
a greater or lesser degree some privileged orientation, so that double refraction occurs. 
This case shows itself in particular with macromolecular systems. The cases mentioned 
here of double refraction can be summarized under the concept of orientation double 
refraction, since they are all attributable to molecular orientation. 

Besides the double refraction which is characteristic of a given system, double re¬ 
fraction is also known which occurs as a consequence of particular constraints and which 
have up to the present usually been indicated under the title accidental double refraction. 

A simple form of double refraction, which has long been known, is furnished by 
putting glass under strain, which (apart from a few kinds) becomes positively double 
refracting in the direction of the pressure. In this case one can speak of strain double 
refraction. The double refraction produced in bodies under the influence of electric 
or magnetic fields was also reckoned as accidental. On the removal of the external 
cause the double refraction usually also disappears. For so far as this is not the case, 
strains remain m the material, such strains are to be found in, for example, glass 
objects which have been cooled too rapidly. 

Many colloid systems are random dispersions, in which no double refraction is 
indeed to be expected. With a number of solid colloid systems this is otherwise and 
orientation double refraction can appear in various forms. We shall return to this 
presently. Frequently the case occurs that a non-double refracting system can be made 
anisotropic by certain constraints. Just this double refraction under strain has become 
an important research method for colloid systems which tan give valuable information 
on the structure of the system. 

For a general, though rather out of date, treatment of this sul^jccl (together with experiinent.il 
methods) see: H. Ambronn and A. Friy. Duj Poliiriiaiwn^mtkruskup, Leipzig 1926. from the series 
l^olloidchenne m Einzeldarstellungen. 
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Now as regards the nomenclature one has so far called the double refraction ap¬ 
pearing after a particular action on a system accidental double refraction thereby thus 
making a distinction with the double refraction already present in a given system, 
which is called proper double refraction, except in particular cases (only occurring in 
colloid systems) to which we shall return presently and which were included in the 
concept shape double refraction. 

Some liquid colloid systems show a double refraction when they are set in laminar 
flow. The classical example is the VjOj sol which (at least after ageing) consists of 
needle-shaped particles with a crystalline character; the sol-itself with its particles 
randomly oriented by Brownian motion is isotropic; if now one makes it flow through 
a tube or between two coaxial cylinders, one of which is rotating, it becomes double 
refracting. The same is the case with many macromolecular sols. This phenomenon, 
streaming double refraction of sols, is also reckoned as accidental double refraction, 
because it only occurs through a constraint exerted on the system. 

The nomenclature depicted, which is based on phenomenology, leads to various 
difficulties, if one takes account of the nature of the phenomena. The double refraction 
of a cellulose membrane, obtained from nature, for example, would be called proper 
double refraction, that of an artificial cellulose membrane, which one has obtained by 
stretching an isotropic cellulose gel, would on the contrary have to be reckoned as 
accidental double refraction, while in both cases one is dealing with the same phenome¬ 
non. Furthermore the nomenclature is not entirely consequential even from a pheno¬ 
menological point of view, since the shape double refraction in many cases arises through 
an external intervention and then would therefore have actually to be reckoned as 
accidental. 

We shall therefore follow a different nomenclature in this book. We shall call all 
cases in which molecular orientation plays a part, orientation double refraction (sec 
the summary at the end of this paragraph). 

The size of the deformations here also always exceeds to a considerable extent 
those which relate to the cases of strain double refraction; in any case they remain 
restricted to at most a few percent of the original dimensions. 

With perfectly elastic systems, such as, for example, vulcanized rubber, which 
return to their original shape after the removal of the applied strains, the double 
refraction can sometimes also disappear completely after the removal of the load. 
It serves no purpose however to introduce a separate name for such ’’reversible” cases. 

Finally we must still discuss a special form of double refraction, which occurs 
exclusively in colloid systems. A system consisting of parallel oriented needle-shaped 
isotropic particles with refractive index embedded in a medium with refractive 
index n,^, exhibits the double refraction of an optically uniaxial crystal. 

Wiener ' has given the theory for this: the double refraction is given by the 
following expression: , , , 

in which n~ is the refractive index of the extraordinary ray 

t> ft tf ,, ,, ordinary ,, 

9 ;, the volume fraction which the particles occupy 

’> ft ft „ „ medium occupies, 

so that 9 ^ ' 9 ,„ .1. 

■O. Wiener, Abhandl. math. Klasse sachi. Akad. Wiss. Leipzig 32 (1912) no. 6, p. 508. 
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the full line I is the same as in Fig. 26, while the dotted lines 11+ and II_ hold 
respectively for positive and negative double refraction. E+ and E_ give the magnitude 
of the proper double refraction. A corresponding figure holds mutatis mutandis for 
disc sols. The determination of the n/n„ curve thus also permits the quantitative 
determination of the proper double refraction which may be present. The above 
considerations have been applied with great success to solid systems, in which the 
orientation is produced by strain (tension or pressure) 

The equations of Wiener only hold under the condition that on the one hand 
the diameter of the rods or the thickness of the discs is small compared with the wave¬ 
length of the light but on the other hand so large compared with molecular dimensions 
that one can still speak of defined phase boundaries between the particles and the 
imbibition medium. The system must also be "dilute”, that is to say, the rods or 
plates must not lie too close to each other. 

Real systems seldom or never satisfy all these conditions and it has indeed been 

found that Wiener’s formulae often reproduce the behaviour of colloid systems of 

the type in question qualitatively or sometimes semi-quantitatively but that great 

caution is necessary in drawing any quantitative conclusions *. No examples are 

known of a good quantitative agreement. In particular we would also point out that 

the optical behaviour of a system of parallel directed macromolecules, which are 

embedded in an imbibition medium, cannot at all be reproduced by the theory 
of Wiener ^ k r r 

The Wiener double refraction is indicated by the name shape double refraction 
or also according to the structure of the system by rotf- or disc double refraction. Since 
however we are here always concerned with oriented structures, we must include it 
as a special case in the classification orientation double refraction. 

If the rods or plates do not — as assumed in the theory — lie exactly parallel, but 
are imperfectly oriented, the system in question will still be able to exhibit a shape 
double refraction component. We shall not however go into this as no theoretical 
treatment of these cases is known in the literature. 

It will be clear that we shall also have to include under orientation double refrac¬ 
tion the streaming double refraction previously mentioned, which can be forced on 
some sols by passing them through a narrow tube or in some other way setting up 
a flow gradient. 

A further description of this phenomenon is to be found in chap. Ill, § 3 b, p. 109 
and in vol. II, chap. IV, § 7, p. 115; chap. V, § 7, p. 142; chap. XIV, § 3, p. 693, § 6 
p. 719. Magnetic and electric double refraction in liquid systems is also almost always 
an orientation double refraction. See chap. Ill, § 3 c, p. 113. If it concerns an orienta¬ 
tion of molecules, then one has only to do with the proper double refraction of these 
molecules; with particles of colloidal dimensions there is in addition a second compo¬ 
nent: the shape double refraction. 

While the sol at rest between crossed nicols does not transmit any light, it does 


' See for example the classical investigations of H. Ambbonn, Kolloid-Z„ 18 (1916) 90, 273; 20 
(1917) 173; 44 (1924) 1, which arc also referred to in his monograph quoted on p. 41: also M. 
Wachtler, KoUoidchem. Beihe/le, 20 (1925) 157. 

See also Vol. II, chap. XU, § 8 b, p. 585. 

2 See also O. Kratky and P. Platzek. KoUoid-Z.. 84 (1938) 268; A. Fbey-Wysslinc, Kolloid-Z-, 
90 (1940) 33. 

’ See A. FftEY-WyssLtNC. Helv. Phyu Acta. 16 (1943) 437; P. H. Hermans, T. T. Hermans, and 
D. Vermaas, Kolloid-Z; 109 (1944) 86. 
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SO when one causes flow in the sol With convergent light the axial cross is clearly 
observed. If the flow takes place through a tube with triangular cross-section, then 
the system behaves as a prism cut from a doubly refracting crystal: a monochromatic 
ray is split into two rays which are oppositely polarized 

Remarkably enough it appears that in concentrated sols local spots occur where 
the particles already lie parallel to each other. The Brownian motion is unable, on 
account of the small space available for the motion of the particles, to bring about a 
completely random arrangement of the particles. Fig. 29 
shows the state of affairs schematically. If the preparation 
is viewed ultramicroscopically with the aid of the azimuth 
diaphragm shown in Fig. 25, p. 40, then one sees only 
those places light, where the particles lie _L to the direction 
of illumination; on rotation of the diaphragm other spots 
light up in succession 

Meanwhile it also happens that sols, which have iso¬ 
tropic spherical particles, exhibit streaming double refraction; 
the cause then lies in the pressure which the particle ex¬ 
periences perpendicular to the direction of flow as a result 
of the liquid friction. 

If the particles are readily deformable, they can be 
flattened by this effect. These ellipsoids then show shape 
double refraction; but strain double refraction is also produced by the same pressure. 
There are therefore two reasons which can cause the phenomenon 

More detailed knowledge concerning these phenomena will appear to be of great 
significance in the question of the state of long-chain molecules; if they were stretched 
straight then they could show a very large rod double refraction, if on the other hand 
they are deformable coils, then one would be dealing with the much less intense 
phenomenon just discussed. For further detail on this point see Vol. II, chap. IV, 
§ 7, p. 115. 

With the phenomena of double refraction are associated those of dichroism; 
the ordinary and the extraordinary rays are often differently absorbed'’. Extensive 
information on this point is to be found in the papers quoted above on streaming 
double refraction. 

The anisotropy of the panicles manifests itself, apart from double refraction, 
also in a macroscopic and in an ultramicroscopic phenomenon. The former is formed 
by the silky sparkling streaks which are seen in such a sol when it is shaken. The 
latter is the "Funkelphanomen”; in the ultramicroscope one sees not uniformly shining 
diffraction images, but particles which sparkle, that is become alternately light and dark. 
Both phenomena depend on what was stated on p. 37 and 38 abovit the intensity of the 

‘ Sec H. Diesselhorst, H. Freundlich, .ind W Leonhardt, Festschrift FJster und Ceitel, 
Brunswick 1915, p. 453. 

* H. Diesselhorst and H. pREumiLlCH, Physik. Z., 16 (1915) 419; H. Freundlich, F. Stapel- 
FELDT, and H. Zocher, Z. physik. Chem., 114 (1924) 190. 

* H. Diesselhorst and H. Freundlich, Physik. Z. 16 (1915‘ 419. 

« A. SzEcvARi, Z. physik. Chem.. 112 (1924) 295. 

5 Sec H. Halleb, KoUoid-Z., 61 (1932) 26; W. Kuhn, ibid., 62 (1933) 269; Z. physik. Chem.. 
A 161 (1932) 1, 427. 

* In addition sometimes differently scattered; one then speaks of dnyridnlh^m: see H. Zocmfb, 
Z. physik. Chem., 98 (1921) 293; KoUoid-Z., 37 (1925) 336 



Fig. 29. Schematic pic¬ 
ture of the formation of 
tactoids. 
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light deflected sideways by anisometric particles: if the particle lies with its large axis 
in the direction of the incident light, much light is scattered, if the smaller axis lies 
in this direction then very little light is scattered. With a rod sol such as the V 2 O 5 sol 
the streaks are seen beautifully in the direction of flow on shaking; the phenomenon 
is made still more beautiful by the dichroism. With a disc sol the FunkelphSnomen 
is seen beautifully in the slit ultramicroscope or with the paraboloid condenser and 
azimuth slit because the discs precess about their long axis through the Brownian 
motion, among other things, and thereby scatter and do not scatter alternatively. From 
the differences in scattering with rod and disc sols one can even establish with which 
of the two one is dealing •. 

Summarizing we have thus to reckon with the following possibilities of double 
refraction: 

I. Accidental double refraction; double refraction by the action of an external force 

or external field on a system in the solid state, with which only small deformations 

or internal displacements are associated. 

a. by tension or pressure; strain double refraction. 

b. by electric or magnetic fields in solid systems ;e/cctrtc or magnetic double refraction'^. 
II. Orientation double refraction; double refraction caused by orientation of molecules 

or of particles in the system. 

a. oriented crystalline particles or molecules; proper double refraction in solid 
systems, streaming double refraction, electric or magnetic double refraction in 
liquid systems. 

b. oriented rods or plates embedded in a medium with a different refractive index; 
shape double refraction. 

The old nomenclature accidental double refraction is only retained here for those 
cases in which there is no clear evidence of an orientation of molecules or larger parti¬ 
cles and the classification is no longer based on the phenomenology but on theoretical 
points of view, against which however there seems no longer to be any great objection, 
since one now knows the nature of the phenomena.well. 

One will only exceptionally have to reckon with true strain double refraction 
in the sense intended above in colloid systems since this will be relatively small 

The formerly customary distinction between "normal” and "abnormal” double refraction 
according to whether a body shows on deformation a double refraction which is positive or negative 
with respect to the direction of deformation, will only be mentioned here. Making such a distinction 
has in any case but little significance — looked at from a physical standpoint. Whether the double 
refraction turns out to be positive or negative only depends whether the polarizability of the particles 
in question is accidentally greater or smaller in the orientation direction than in the perpendicular 
direction. Thus cellulose becomes positively and nitrocellulose negatively double refractive with 
respect to the direction of stretching. 

/. 5. Diffraction and scattering of X-rays * 

3 c. Reflection of X- rays 

The deflection of X-rays is essentially governed by the same laws as that of visible 
light. In this case also each particle, which is small compared with the wave-length, 

’ H. Diesselhort and H. Freundlich, Physik. Z., 17 (1916) 117. 

* With liquid crystals and sols the double refraction, which is produced under the influence of 
magnetic or electric fields, can also be a typical orientation double refraction when the molecules or 
the particles are oriented by the field. 

•' Compare, however, footnote (5) p. 45. 

•* Section 4 f. 5 on X-rays has been contributed by J. J. Hermans. 
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scatters the incident light into a spherically spreading vibration. What gives X-rays 
their great significance is the fact that crystalline matter exhibits a regular pitwn, 
the period of which is of the same order of magnitude as the wave-length X of the 
X-rays (order of magnitude 1 A). This leads to interference phenomena and so is 
the occasion for the beautiful X-ray diagrams which play such a great part in the 
structure determination of crystalline substances. It goes without saying that only 
a few of the fundamentals of X-ray investigation can be mentioned here, and we shall 
moreover restrict ourselves to matters which play a part in the investigauon of col¬ 
loidal matter. For a more profound treatment reference must be made to the textbooks 

on X-ray analysis ‘. . . • r . • 

According to Bragg's principle one can describe the interference phenomena m 

a graphic manner as a reflection from the planes in the lattice. The angle which the 

incident and thus also the “reflected” ray makes with the lattice plane is called the 

glancing angle 6. It satisfies the well-known Bragg condition; 

2d sin 0 = nX (48) 


in which d is the distance between two successive lattice planes, the so-called period 
and n is a whole number, the ’’order” of the reflection. The angle of deviation, that is 

the angle between the incident 
and the reflected direction is 20 
(see Fig. 30). From the Bragg con¬ 
dition one deduces: when a parallel 
beam of monochromatic X-rays 
falls on a single crystal, in general 
no reflection occurs. One must first 
rotate the crystal into such a posi¬ 
tion that the angle 0 satisfies the 
condition (48). (Bragg photo). 
Very beautiful diagrams have been 
obtained from some globular pro¬ 
teins*. One can deduce from such 
Fig. 30. Reflection of X-rays against lattice planes. diagrams that these proteins are 

built up into a very regular crystal 
lattice in spite of their complicated structure. The elementary cell which is derived 
from the diagram is, however, large (linear dimension of the order of 100 A) and the 
diagrams contain such a large number of reflections that a quantitative interpretation 
has not yet been possible. It is true an ingenious model was suggested by Wrinch 
which attempts to describe the crystalline structure of the globular proteins (cyclol 



’ W. H. Bragg and W. L. Bragg, The crysialline stale I, London 1933; A. H. Compton and 
S. K. Allison, X-rays in theory and experimeni, New York 1934; P. P. Ewald, Handb. Physik, 23 II, 
Die Er/orschung des Aufbaues der Materie mil Ronigenstrahlen, Berlin 1933; H. Olt, Handb. Exper. 
Physik, 7 II. Leipzig 1928; J. M. Bijvoet, N. H. Kolkmeyep, and C. H. MacGillavry, Rontgenanalyse 
von Kristallen, Berlin 1940; M. Von Laue, Rontgensirahlinter/eremen, Physik and Chemie VI 
Leipzig 1941; G. L. Clark, Applied X-rays, New York, London 1932; J. T. Randall, X-ray and 
electron diffraction, London 1934. 

* J. D. Bernal and D. Crowfoot, Nature, 133 (1934) 794; D. Crowfoot, Proc. Ruv. Soc. London, 
A 164(1938) 580. 

* D. M. Wrinch, for instance: Phil. Mag., 25 (1938) 705. 
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model) but the X-ray diagrams are not completely in agreement with this model 
while chemical objections have also been raised against the cyclol model *. 

If a single crystal is placed in such a position that a reflection is obtained, 
one would then naturally retain this if the crystal could be rotated about the direction 
of the incident light, because the angle 0 remains unchanged by this. The reflected 
beam would then describe a conical surface. With registration on a flat photographic 
plate which is perpendicular to the incident beam, the rotation in question would thus 
give rise to a circle in the diagram. If there is a large number of crystals which lie 
oriented in all possible directions, then the reflection always occurs on part of the 
crystals, namely those which are oriented in the correct way with respect to the X-ray 
beam (powder method of Debye-Scherrer and Hull). Bearing in mind what we said 
about the single crystal which rotates about the incident beam in the reflecting position, 
it is clear that the diagram in a Debye-Scherrer photo consists of concentric circles 
over which the intensity is uniformly distributed. From such diagrams it has been 
possible in various sols to deduce the crystalline structure of the dispersed particles 

It is especially the sols of metals and metallic compounds which lend themselves 
well to this investigation since the scattering power of heavy atoms for X-rays is great 
so that the dispersion medium causes little disturbance. The method is frequently able 
to identify the crystals in the dispersed particles directly by comparison with diagrams 
of known substances. In this it has moreover been found that the crystal structure 
frequently depends on the method of preparation and the age of the sol Furthermore 
it was proved in this way that ageing of such sols is always associated with crystallization. 

With single crystals, independently of the position of the crystal, a diagram is 
obtained when one irradiates with non-monochromatic X-rays (Laue photo). A 
given set of lattice planes then choses from the beam the light of such a wave-length 
that the Bragg condition is satisfied. A quantitative interpretation of the diagram in 
this case is frequently very complicated, because it cannot be seen from the reflection 
in the diagram from what wave-length it is derived. 

This is not the place to go more profoundly into X-ray crystal analysis. A dis¬ 
cussion of the crystal structure of many macromolecular substances is to be found in 
the book by Katz *. We may refer further to Mark ® to Meyer and Mark ’ and to 
Astbury ®. 

We ought now to pause a moment by some results of colloid chemical significance. 
For example interesting results have been obtained in the X-ray investigations of 
chemical reactions in colloid systems, among which may be recalled those on cellulose 
and starch. Cellulose, both with acids and bases and also with various salts, forms 
compounds which show a characteristic X-ray spectrum. In this way one can investi¬ 
gate whether the reaction takes place completely or not and whether there is any 
question of a real equilibrium. In addition it can often be proved conclusively that 
the reaction has not been limited to the surface of the crystalline regions. Something 

• D. Riley and I. Fankuchen, Nature, 143 (1939) 648; J. D. Bernal, Nature, 143 (1939) 74, 663. 

* A. Neubercer, Proc. Roy. Soc. London, A 170 (1939) 64. 

“E. J. W. Verwey and H. R. Kruyt, Z. physik. Chem., A 167 (1933) 137; J. Bohm and H. 
Niclassen, Z- anorg u. allgem. Chem., 132 (1924) 1. 

♦ J. BoKM, Z. anorg. u. allgem. Chem., 149 (1925) 203. 

^ J. R. Katz, Die Rontgenspektrographie ah Uniersuchungsmethode, Berlin, Wien 1934. 

* H. Mark, Physik und Chemie der Cellulose, Berlin 1932. 

■ K. H. Meyer and H. Mark, Hochpolymere Chemie, Leipzig 1940. 

‘•W. T. Astbury, Colloid aspects of textile materials, London 1935. 
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similar holds for the swelling of macromolecular substances. This can be intermicellar, 
that is to say, the swelling is restricted to the amorphous matter between the crystals 
or intramicellar, in which the crystals themselves swell. Examples of mtramicellar 
swelling are to be found in the swelling of collagen, gelatine, graphitic acid and mont- 
morillonitc in water. In these cases one can observe that one or more interferences in 
the X-ray diagram shift gradually: the corresponding period in the crystal increases 
linearly with the water content. Theory * shows that this phenomenon can be explained 
by supposing that in the partially swollen material unchanged lattice plane separations 

alternate statistically with separations increased by swelling. 

In this connection it should also be mentioned that some macromolecular sub¬ 
stances exhibit a peculiar behaviour at very low moisture contents. Thus the X-ray 
diagram of gelatine is found to disappear ® on intensive drying and to be transformed 
into an "amorphous” spectrum (see below). From the X-ray diagram of keratin u is 
found that this substance takes up a small amount of water at low humidity®. The 
water content does not however increase further at higher humidity. A completely 
similar phenomenon with cellulose was mentioned incidentally by Sakurada It 
could be confirmed in a recent investigation 

Finally we should say a few words on the so-called fibre diagrams. Numerous 
macromolecular systems are known in the form of either natural or artificial fibres 
(fibrillar proteins, cellulose, rubber etc.). These are discussed further in Vol. 11, 
chap. XII, § 8 c, p. 602. It will merely be mentioned now that they contain regions 
in which the material has a crystalline arrangement. With rubber and some other 
high polymers these crystals are only formed on stretching, with cellulose they are 
present from the beginning. If these regions are oriented at random, as is the case in 
the isotropic material, then the Debye-Scherrer diagram naturally consists once 
more of circles which show equal intensity over their whole length. In the stretched 
material, however, or in a naturally anisotropic fibre certain orientations occur more 
frequently than others. As a result the Debye-Scherrer circles degenerate to arcs with 
non-uniform distribution of intensity. 

In the fibres in question the material possesses, on an average, cylindrical sym¬ 
metry about the fibre axis. If the incident beam of X-rays is perpendicular to the fibre 
axis, one then obtains diagrams which show the symmetry of Fig. 31. In this figure 2 
represents the projection of the fibre axis upon the photographic plate, for which 
it is again assumed that it is placed perpendicular to the incident beam behind the 
specimen. The reflections of type D, which lie in the neighbourhood of the z axis, 
owe their existence to lattice planes which in the orientation process attempt to set 
themselves perpendicular to the fibre axis. Such planes are called diatropic planes 
and the corresponding reflections: diatropic reflections. Planes which show the ten¬ 
dency to orient themselves parallel to the fibre axis give rise to reflections of type 
A, which occur in the neighbourhood of the "equator” AA'. They arc called paratropic 
planes. The intensity distribution in the arcs is directly connected with the statis¬ 
tical distribution of the orientation of the corresponding lattice planes. This latter 
can conversely be deduced from the X-ray diagram. 


' J. J. Hermans, Rec. trav. chim., 63 (1944) 211. 

’ J. R. Katz and J. C. Derksen, Rec. trav. chim., 51 (1932) 513. 

* W. T. Astbury, CoHoid aspects of textile materials, London 1935, p. 204. 
‘ I. Sakurada and K. Hutino, Kolloid-Z-, 77 (1936) 347. 

' P. H. Hermans and A. Weidinger, J. Colloid Sci., 1 (1946) 185. 
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It is as well to realise that the pe¬ 
riods, which are deduced from the X- 
ray diagram, have nothing to do with 
the size of the molecule. They merely 
indicate that the pattern repeats itself 
regularly at definite distances. One mole¬ 
cule can extend, however, over a great 
number of these distances. For this 
reason, the so-called long periods, which 
are observed in a number of cases, are 
particularly interesting from the stand¬ 
point of colloid science. According to 
formula (48) such long periods give rise 
to reflections in the neighbourhood of 
the centre of the diagram (d large, thus 
6 small). Similar long periods are in the 
first place sometimes found with fairly 
short chains ‘ (up to 30 to 60 C atoms) 
and are there most probably related to 
the length of the molecule. Long periods 
of the order of 100 A in the direction of 
the fibre axis have however also been 
found with almost all fibrillar proteins *, 
and according to a recent investigation of Hess and Kiessic ® also occur in po¬ 
lyamides and polyesters. The cause of this phenomenon has not yet been definitely 
elucidated; Hess and Kiessic are of the opinion that this long period is a measure 
of the dimensions of the crystals. 

Diffuse scattering, line broadening 

As stated the reflections in the X-ray diagram are produced by interference 
between the scattered light waves. On account of the finite size of the crystals on the 
one hand and of lattice disturbances on the other one obtains a blackening in the 
diagram next to the diffractions caused by the lattice planes. A part of this blackening 
is diffusely distributed over the whole diagram, another part falls in the immediate 
neighbourhood of a reflection and thus has the character of line-broadening. These 
two types of diffuse scattering call for some further discussion, because they are of 
importance for the structure of colloidal matter. 

The finite size of the crystals always betrays itself in a line-broadening and con¬ 
versely one can frequently deduce the size of the crystals from the breadth of the lines *. 

‘ H. Staudinceb, Z- physik. Chem., 126 (1927) 425. 

J. Hencstenberc, Ann. Physik. 84 (1927) 245. 

E. Ott, Helv. Chim. Acta. 11 (1928) 300. 

A. Muller, Proc. Roy. Soc. London A 120 (1928) 437. 

R, Kohlhaas and K. Soremba, Z. Krist., 100 (1939) 47. 

* R. B. Corey and R. W. G. Wyckoff,/. Biol. Chem., 144 (1936) 407; G. L. Clark, E. A. Parker, 
J. A. Schaad, and W. J. Warren, J. Am. Chem. Soc., 57 (1935) 1509; O. Kratky, A. Sekora, and 
H. H. WEBEft, Naturwissenschafien, 31 (1943) 91. 

’ K. Hess and H. Kiessic, Z. physik. Chem., 193 (1944) 196. 

* Theory in M. voN Laue, Z. Krist., 64 (1926) 115. 

Examples see chap. II, § 4 b 2, p. 74. 
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Fig. 31. A fibre diagram. Schematic. 
Z Z* projection of fibre-axis. 

AA’ equator with paratropic reflections. 

D diatropic reflections. 
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It is thereby frequently found that the crystals are considerably larger in one 
direction than in another. It is of importance for the structure of high molecular sub¬ 
stances that this crystal dimension has again nothing to do with the size of the molecules. 
Long-chain molecules can partially extend outside a crystalline region and even form 
part of more than one crystal. In many cases one must however be cautious with 
the interpretation of line-breadth because lattice disturbances can also give rise to 
line-broadening. In order to make this question and its practical significance quite 
clear we will first consider the extreme case in which the deviations of the atoms from 
their original positions are completely independent of each other. This condition is 
approximately fulfilled in disturbances which are a consequence of the temperature 
motion in the lattice. They cause a diffuse scattering which extends over the whole 
diagram and increases with increasing angle of diffraction The reflections arc indeed 
weakened by this but not broadened. However as soon, as the deviations from the 
original position become more or less systematic, that is to say, that the deviation 
of one atom shows a correlation with the deviation of neighbouring atoms, line- 
broadening in general occurs at the same time. This systematic character of the dis¬ 
turbance can have its origin in a systematic deformation of the material, as is, for 
example, produced by bending or rolling » but it can also very well be simply a conse¬ 
quence of the special structure of the scattering matter. Thus it is clear, for example, 
that in all those cases in which the disturbance can be considered as an accidental 
disturbance in the spacial packing of the atoms, the deviation of an atom from its 
lattice point will show a correlation with that of neighbouring atoms. When namely 
an atom is accidentally strongly displaced to the right, then the atom which follows 
it on the right side will in most cases also be displaced to the right. This correlation 
is already sufficient to give rise to line-broadening 

It is clear that one may expect this type of disturbance especially in solid systems 
which have been produced in a more or less ’’accidental'’ way by crystallization, as, 
for example, in the formation of many gels. For those reasons the size of the crystals 
which one deduces from the line-breadth in such systems, are very uncertain and all 
the more so because the corresponding X-ray diagrams are usually poor in reflections. 

An extreme case of this type of disturbance is shown by amorphous and liquid 
substances. Here the packing of the atoms is regular within small regions. But this 
regularity does not extend over large distances. There is therefore short-range order 
in contrast to long-range order in a crystal. The short-range order is adequate 
to give rise to an X-ray diagram, but the reflections are not sharp, they are the so- 
called amorphous rings or liquid rings. We mention these rings because they find 
an analogy in the scattering at very small angles which can occur with particles of 
colloidal dimensions and which we shall now discuss briefly. 

•{. Small angle scattering of X-rays 

A method for the determination of particle sizes, which corresponds to the light 
scattering methods, is that in which the diffuse scattering of X-rays at small angles 
IS measured. In general the colloidal particles are many times larger than the wave¬ 
length of the X-rays (about 1 A), so that in this case the interference of the scattered 
rays plays a predominant part. 

* P. Debye, Verhandt. deut. physik. Ges., 15 (1913) 678. 

* U. Dehuincep, Z. Krtsl.. 65 (1927) 615; A. Kochendopfer, Z. Krist., 101 (1939) 149; W. Boas, 
Z. Xrist.. 97 (1937) 354; J, Bouman, Physica. 9 (1942) 29. 

’ }. J. Hermans, Fee. irav. chim., 63 (1944) 211. 
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Fig. 32. Small angle 
scattering of X-rays 
by particles of finite 
dimensions. 


A particle of finite dimensions gives a scattering at small diffraction angles the 
intensity distribution of which is depicted in Fig. 32. For a correct understanding 
of this small angle scattering it is well to realize that w'hrther 
the matter is crystalline or not does not play any part in this 
case. The scattering picture is produced by the superposition 
of the scattered waves which originate in the different volume 
elements. In this one can, as in the case of light scattering, 
choose the separate atoms or molecules of the particle as 
volume elements or again assume that in the particle fluctu¬ 
ations in density occur and consider the volume elements 
with discrepant density as scattering centres. 

The theory of the phenomenon, which was developed 
by Guinier, Kratky and others, can only be discussed in 
broad outline here. For this we can best choose the scatter¬ 
ing of the X-rays by an atom as the starting point. In this 
case the electrons, which are readily set in vibration by the 

incident radiation, are the scattering centres. The angular dependence of the intensity 
of the radiation scattered by one electron shows great similarity to formula (44) of 
Rayleigh. The much heavier atomic nuclei are unimportant for the scattering. Since 
the electrons of an atom are distributed over a space with dimensions of the same order 
of magnitude as the wave-length of the X-rays, an appreciable weakening takes place 
through interference at increasing angles of diffraction. This angular dependence has 
been determined for many kinds of atom because it is necessary to take it into account 
in the X-ray analysis of crystals. In rarefied gases the molecules are so irregularly spaced 
that no interference of the radiation of the separate molecules occurs. The latter is how¬ 
ever observed in liquids in which the interference results in the so-called ’’liquid ring”. 

Guinier’s expression ' for the intensity of the scattered radiation of particles 
with finite dimensions furnishes a similar result as that given here for an atom. We 
can now consider each atom of the particle as a scattering centre. One can obtain an 
idea of the connection between the particle size and the size of the diffuse central spot 
in the following way. In Fig. 33 the incident ray and a ray diffracted at an angle e are 



Fig. 33. Interference between X-rays scattered by different atoms in one particle, 
drawn for two atoms A, and A^, The path difference S* of the two diffracted rays I 
and II amounts for very small values of e to: 


Sfc = d* sin s. 


’ A. Guinief, Ann. phys., 12 (1939) 161; /. chim. phys., 40 (1943) 133. 
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in which represents the perpendicular distance between the incident rays. The 
phase difference between rays I and II is then 

27r S* 27c dk ® 


Although one must make a summation over all the atoms of the particle it is clear 

that, through this interference, extinction occurs when e in which d represents 

the diameter of the particle, measured perpendicular to the direction of the incid^t 
rays. The scattering therefore extends to larger angles the smaller the particle. On 
the basis of this fact it is often possible to detect the anisometry of the particles. For 
this purpose it is naturally necessary for the particles to he oriented in a definite di¬ 
rection. If this is not the case then one obtains an intensity distribution which lies 
in between the intensity distributions corresponding to the various dimensions. 
In that case it is not always possible to establish the anisomeinc shape with certainty. 
If. for example, one knows the average size of the particles from a weight analysis and 
counting and if the intensity distribution does not have the shape calculated from this 
size, then this can be the consequence of anisometry, but naturally also of fie^^rodis- 
persion. This case appeared, for example, in a silver so investigated by Guinier. 

Kratky ‘ obtained a particulaily beautiful result m the scatty mg by a sphyo- 
protein, chymotrypsin. From the intensity distribution he deduced a radius of 23 A, 
which agrees within the experimental error with the dimension which follows from 
the size of the elementary cell. According to similar measurements on ovalbumin by 
Guinier the ovalbumin particles are pronouncedly anisometnc. 

So far we have considered only the scattering by one particle and have tacitly 
assumed that the light scattered by the different particles is simply superposed. Nauir- 
ally this only holds for particles the separation of which is lyge compared with their 
dimensions. There is no satisfactory theory of the cases in which this conditmn is not 
satisfied. Guinier believes that the intensity distribution of the syttyed light is 
practically independent of the packing density of the particles; only the absolute va ue 
of the intensity decreases with denser packing. He finds this confirmed with the 
above-mentioned silver sol: this showed a similar diffraction pattern after coagulatiy 
to that before coagulation. A similar opinion is to be found in Hosemann -. On the 
other hand Kratky ’ conceives the production of small-angle scattering in ynsely 
packed systems entirely as a reflection at lattice planes and believes that BRAcg s 
formula (48) can be applied. It should however be remarked that this could on^ 
hold for particles which all have practically the same dimensions. In that case the 
scattering at small angles will show a pronounced maximum, which is quite com- 
parable with the amorphous ring which occurs in liquids and amorphous solid sub- 
stances. In many cases probably one would do better to consider the intensity as the 
superposition of the intensities caused by the separate particles. Farther going con¬ 
siderations on this point are to be found in the work of Hosemann * and Kratky and 
co-workers 


‘ O. Kpatky and A. Sekora. Naiurwissemchaffen, 31 (1943) 46. 

* R. Hosemann, Z. Elekfrochem.. 46 (1940) 535. 

’ O. Kratky, Z Elekiroi-hem., 50 (1944) 249. 

* B. Hosemann. Kolloid-Z-, 119 (1950) 129. 

‘G. PoPOD. Acta Phys. Ausir., 3 (1949) 66. 
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§ 5. CHANGES OF STATE IN COLLOID SYSTEMS 
(STABILITY DISTINCTIONS) 

a. Statement of the problem 

In the preceding paragraph 4 we have discussed the properties of given colloid 
systems; it was left unconsidered how these systems arise and decay, what thus their 
stability conditions are. Since colloid systems differ greatly in their stability condi¬ 
tions, a study of the latter furnishes important insight into their various natures. 
Furthermore the question, what changes of state colloid systems can undergo and 
under what influences these set in, is of great interest for biological and not less for 
technical questions in which colloids are concerned. Conceivably of the possible 
changes of state the most important is that of the disappearance of the colloidally 
dispersed system as such; and naturally the condition for the production of the colloid¬ 
ally dispersed system is connected reciprocally with this. When we say generally 
that the region of stability of the colloid lies between these two extreme conditions, 
then naturally the question has formally been completely answered; only a closer 
examination will have to show whether the word "stability” has the same significance 
for all systems and in how far that word is equivalent to what is understood by it in 
mechanics, physics and chemistry. 

In § 1 b. 2 (p. 3) we have outlined in very general terms the historical develop¬ 
ment of the stability question. We will now go more extensively into the question 
because it provides the basis for a logical classification of colloid science and this book 
is therefore also sectionalized on this basis. 

The more detailed discussion may be preceded by the remark that in the last 
few years — much more than in the preceding decades — the idea has gained ground 
that there is certainly not any unbridgable chasm between the stability of low molecular 
solutions and that of colloid systems. Not as if everything manifests itself in precisely 
the same way, then a colloid science would not make sense; no, on the contrary in 
the colloid region manifold possibilities occur which do not appear, or hardly at all, 
in other provinces. But the explanatory principles are to a great extent the same, the 
other circumstances only give rise to different consequences. 

By far the most important section of the province of stability theory relates to 
the production and destruction of liquid colloid systems. These will be subject under 
discussion in subparagraph b, while in c the solid systems will be discussed. 

b. Liquid systems 

b. 1. One component systems 

Macromolecular substances above their melting point are of course to be con¬ 
sidered as liquid colloid systems which, when the temperature falls below the setting 
point, set and are then transformed into solid colloid systems. This transition does not 
differ from that in other congealing substances of low molecular weight. Reference 
can therefore be made to textbooks ‘, where such transitions are discussed. 


' G. Tamman, Kristallisieren und Schmelzen, Leipzig 1903; M. VoLMER, Kinetik der Phasenbildung. 
Dresden, Leipzig 1939. 
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6. 2. Multicomponent systems. Classification 


The great majority of colloid systems are formed of two or more components. 
Their natures are very divergent; there are those in which one can immediately draw 
a parallel with solutions of low molecular substances, just as we could compare one 
component systems above with setting systems. But there are others which cannot be 
compared with them directly although they may have sometimes the one, sometimes 
the other property in common. To arrive at a systematic classification we will first 
of all distinguish between reversible and irreversible systems; as a subdivision we 
shall distinguish each of these groups according to whether they have an electrolytic 
character or not. We then obtain a scheme which is followed in this book: 

I. Systems with irreversible changes of state. 

1. Systems with an electrolytic character. 

These arc the systems which are also characterized as hydrophobic, lyophobic, 
irreversible, irresoluble and were previously called suspensoids. They belong 
predominantly to inorganic substances; however emulsions also belong to this 
group. 

2. Systems without electrolytic character. 

These are systems which in aqueous media are as a rule extremely labile and not 
very well studied in non-aqueous media although many paints and varnishes belong 
to this class. 

II. Systems with reversible changes of state. 

1. Systems with an electrolytic character. 

These arc the systems which are also characterized as hydrophilic, lyophilic, rever¬ 
sible, resoluble and were previously called emulsoids. To them belong the bio¬ 
colloids, the proteins, higher carbohydrates and their relations. 

2. Systems without electrolytic character. 

These arc the systems of macromolecular substances in organic dispersion media. 

b. 3. Sols with electrolytic character, which flocculate irreversibly 

When a substance, which is built up from ions or which, in contact with an 
ionizing solvent — let us say for brevity: water — covers itself with ions, is dispersed 
in water, then that can furnish a system which continues to exist unchanged for a 
very long time. If one makes it flocculate by the addition of electrolyte, then this 
flocculation is irreversible in the sense that dilution of the flocculating agent to below 
the limit, which is required for flocculation, brings about no restoration of the colloidal 
dispersion. 

The system with dispersed phase has therefore no lower free energy than that 
in which macroscopic (flocculatecl) aggregates lie at the bottom; that is therefore just 
the opposite from what is the case, for example, with a molecularly dispersed system 
such as a solution of sugar in water where the solution of a piece of sugar takes place 
with a lowering of the free energy F. Since this is 

F = U^TS 

the state must be as follows with true solution; the increase in entropy, which is a 
consequence of the dispersion, promotes the decrease of F per se. As regards the 
change of U there are two possibilities; the internal energy sometimes decreases also. 



56 


GENERAL INTRODUCTION 


I 


in which case the dispersed state is certainly stable, or it increases but then by an 
amount smaller than the increase of entropy multiplied by the temperature. Here 
in these irreversible systems the case is therefore different, the dispersion is associated 
with an increase of the free energy. 

A good example of the kind of systems, which have electrolytic character and 
flocculate irreversibly, is furnished by the Agl sol which will be dealt with fre¬ 
quently in the following chapters, but some properties of which will be discussed 
here to characterize the type of system. 

The sol is produced in the following way: One adds together solutions of AgNOj 
and KI with a small excess of KI. By means of electrodialysis (see p. 20) all K+ and 
NOa" ions and a part of the T ions are removed, so that only the Agl particles in 
saturated solution with a trace of HI remain. The Agl sol so formed is very "stable”, 
it continues to exist for years. A trace of electrolyte, however, as already mentioned, 
produces flocculation. 

One has thus in this case: 1. an ionically dispersed saturated solution of silver 
iodide in water (which by itself is naturally formed from its constituents with decrease 
of the free energy). 2. solid Agl which is colloidally dispersed in this saturated solution. 
The specific problem for colloid science is now: why does this system maintain itself 
so long in this state, why do not these dispersed particles coagulate and precipitate, 
as is customary in inorganic and analytical chemistry in precipitation reactions? 
That should however be quite understandable: the Brownian motion is able to bring 
the small crystals into contact with each other millions of times per second and then 
thermodynamically speaking they ought to stick, because that results in a decrease 
of the surface free energy, or from the molecular kinetic viewpoint because VAN der 
Waals or dipole forces give rise to a mutual attraction. Now that such a rapid adhesion 
is found not to take place, the problem arises what energy barrier, which has to be 
surmounted, prevents this or at least greatly retards it. We have already seen in 
§ 1 b. 2 (p. 3) that Hardy has established that these systems only continue to exist 
if the particles, as shown by their electrophoresis, carry an electric charge. It is thus 
already obvious that there is a connection between this energy barrier and the electro¬ 
lytic character of the particle wall. 

Practically the whole colloid chemistry of this group of colloid systems is now a 
discussion of this energy barrier. Its production coincides with the concept peptisation 
its destruction with that of flocculation. Particular attention will in fact be paid to 
this in following chapters of this Volume. 

b. 4. Sols without electrolytic character, which exhibit irreversible changes of state 

As stated in the previous paragraph, production and destruction of the irreversible 
systems are governed by the presence of an energy barrier which is difficult to surmount; 
and as just stated, this energy barrier in systems with electrolytic character is related 
to an electrical repulsion which finds its origin in the electrical double layer on the surface 
of the particles. If now the electrolytic character of the micelle (particle with the 
double layer) is missing, then an adequate electrical repulsion is also missing. Naturally 
this holds especially for sols in apolar media. A stabilizing factor other than double- 
layer repulsion will have to play a part in that case. 

Our knowledge in this domain is still small. It is mentioned in various places 
in this book (see Ch II, § 6d, p. 89, Ch VIII, § 8. p. 332, Ch IX, § 3c, p. 355). 
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To give an idea that other than electric causes can also be decisive, reference may 
be made to the following case'. 

Very finely divided carbon suspended in mineral oils is stabilized by the addition 
of substances containing an aromatic ring and a long paraffin chain. Presumably* the 
aromatic ring is adsorbed to the carbon particles and the wagging of the long aliphatic 
tails keeps the particles apart. 

On the other hand the attraction between particles in this type of systems may also 
be more complicated than a simple Van der Waals attraction®. Quartz particles in 
dry CCl, form a system of some stability. Addition of a trace of water, however, gives 
a reduction in stability, the aggregates are evidently kept together by the interfacial 
energy of the coalesced water coatings around the quartz particles. Conversely a carbon 
suspension in water is flocculated by xylene which is immiscible with water. 

b. 5. Sols which exhibit reversible changes of state 

As already stated in section b. 3 of this paragraph the free energy of the dispersed 
system has here a lower value than the system divided into phases. There is then no 
difference in principle with what one calls true solutions, except only that macromole¬ 
cules are considered here; but all theories of solubility hold for these systems. 

If a system has electrolytic character in addition, then this furnishes a further 
stability factor of the same sort as we just discussed in b. 3. This appears especially 
on the addition of reagents which produce a decrease in solubility when these leave 
the electric double-layer unattacked ■*. Similarly the duality appears typically in globu¬ 
lins, which are insoluble at their isoelectric point. 

In the second volume of this book the changes of state of these systems are dis¬ 
cussed in detail. 


c. Solid systems 

Changes of state, in which , solid systems are produced (sol-gel transition) or 
changes in solid systems, are much more difficult to arrange under a general point 
of view than those in liquid systems. Nevertheless it can be stated that everything 
which has been said previously on changes of state in liquid systems also plays a part 
in changes towards and in solid systems; here also we find sometimes protective 
energy barriers, changes of solubility, but in addition crystallization, decompositions, 
etc. Reference may be made to vol. II, especially to chap. XII. 


' M. VAN DER Waapden, J. Colloid Sci., 5 (1950) 317., J. Colloid ScL, 6 (1951) 443. 

»E. L. Mackor, /. Colloid Sci.. 6 (1951) 492. 

I H. R. Kbityt and F. G. van Selms, Rec. trav. chim., 62 (1943) 415; This volume Ch. IX 
^ 5 b. 1. p. 357. 

‘ Compare the old investigations of Scarpa and of Kruyt and Buncenbebc de Jono. 

O. Scarpa, Kollotd-Z.. 15 (1948) 8. 

H. R. Kruyt, Kotloid-Z: 31 (1922) 338. 

H. R. Kruyt and H. G. Buncenberg de Jong, Z- physik. Chem., 100 (1922) 250; Kolloidchcm 
Beihefte, 18 (1928) 1. 
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§ 1. PREPARATION OF LYOPHOBIC SOLS 


By lyophobic sols arc meant colloidal dispersions of insoluble substances in a liquid 
medium, usually an aqueous solution. They can be prepared in several different ways. 
It IS very typical for these systems that they can never be prepared by simple contact 
or slight shaking of macrocrystals of the insoluble substance and the solvent. The 
roundabout ways by which lyophobic sols can be arrived at may be distinguished accor¬ 
ding to SVEDBERG ‘ into Condensation methods and dispersion methods. 

In the dispersion methods larger lumps of the insoluble substance are pulverized 
by mechanical or other means until colloidal dimensions (< 1 y,) arc obtained 

In the condensation methods a molecular (ionic, atomic) distribution of the inso- 
luble substance is prepared first which then by suitable coarsening may give rise to a 
colloidal dispersion. 

possible to make a sharp distinction between the two different 
types. The classical method of electric disintegration of metals (see p. 61) for instance 
probably is at the same time a dispersion and a condensation method. In the electric arc 
particles of colloidal dimensions are broken away from the electrodes, but at the same 
time part of the metal vaporizes and then passes the atomar dispersion. Moreover by 
direct electrolysis lonar dispersion may occur as an intermediate stage. 

Usually the condensation methods allow one to reach a finer degree of dispersion 
than the dispersion methods. It is even not exaggerated to maintain that true lyophobic 
sols are always prepared by what is. in principle, a condensation method, whereas the 
true dispersion methods only allow one to prepare fine suspensions with particles not 
much smaller than 1 u. Nevertheless the old classification of Svedberg may still be very 
jseful as a means of cataloguing the different methods of preparation. 

connection with this it may be useful to point out that there is no essential 
inference between sols and suspensions. The only difference between these two groups 
s the size of the particles. The boundary between them is chosen in such a way that 
uspensions do sediment in a reasonable time whereas sols do not. 


This may expUm why sols and suspensions often have been considered as being qualitatively 
ifferent In sols sedimeniation is usually taken as a sign of loss of stability (see § 5 c, p. 80), and to the 
isual observer this might imply that suspensions are never stable in the same sense that sols are. 

f mechanical properties (this chapter § 5g. p. 85 and chapter IX. p. 342) 
e shall return to the great similarity between sols and suspensions. ^ 


S,.//., Dr.sjen 1909 (2. AuBag. 
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In practical applications, suspensions arc by far the more important of the two 
groups. They occur in the form of paints, lacquers, varnishes, all kinds of ceramic 
masses, wetted soil etc. The theoretical treatment, however, is much more advanced in 
the case of sols. 

a. Condensation methods 

The general feature of all condensation methods is the preparation of a molecu- 
larly dispersed supersaturated solution of the substance from which a sol is to be made. 
The conditions in which this supersaturated solution will lead to a sol, that is to many 
fine particles and not to a coarsely crystalline precipitate, will be treated in § 2, p. 63. 

The means by which the supersaturation is reached depend completely upon the 
substance to be dispersed. A sulphur sol, for instance, may be obtained by dissolving 
sulphur in alcohol and diluting this solution with water * in which sulphur is much less 
soluble. (Sulphur sol after Von Weimarn). 

In the Wilson cloud chamber a mist is prepared by supersaturating the air with 
water by means of an adiabatic expansion. 

Usually, however, the substance to be dispersed is first molecularly dissolved in a 
different form and then the supersaturated solution is prepared by chemical reaction. 

Sulphur sols can also be prepared in this way, by acidifying a solution of sodium 
thiosulphate (Raffo) or by mixing solutions of HaS and SO 2 (Selmi). Oden * has treated 
the properties of these S-sols after Raffo and Selmi extensively. Both types of sols are 
therefore often called Oden S-sols. 

Sols of noble metals are usually prepared by reduction of a solution of a metal salt. 
So gold sols* are formed by the reduction of a solution of gold (III) chloride by formal¬ 
dehyde, by hydrazine, by phosphorus and by other reducing agents, silver sols‘ by 
reduction of silver oxide suspensions with hydrogen, etc. 

Double decomposition is the usual way of forming sols of insoluble salts. Silver 
halides easily give colloidal solutions by mixing of silver nitrate and alkali halide solu¬ 
tions. A sol of arsenic trisulphide is obtained by introducing hydrogen sulphide into a 
saturated solution of arsenic trioxide. 

Sols of oxides and hydroxides are either formed by double decomposition or by 
simple hydrolysis. Asolution of Fe acetate, for instance, gives a beautiful sol of Fe(OH)j 
by boiling. 

Practically every procedure that is used either analytically or technically to prepare 
a precipitate may be used to prepare a sol. And it depends solely on the specified condi¬ 
tions of concentrations, mixing proportions, etc. whether or not a stable sol will be 
obtained. Until a more complete discussion can be given (chapter VIII, § 2, p. 303), 
a sol will be considered to be stable if the sol particles remain in suspension and do not 
form rapidly sedimenting aggregates. Now, all hydrophobic sols are very sensitive 
against electrolytes (see § 5, p. 80) and one of the conditions that must prevail during 
the preparation is a low electrolyte content. In this respect reactions like: 

H,S SO* vS t HjO 
AsjOj i- HjS >■ AsoSs : H,0 

* H. Freundlich and P. Scholz, Kolloidchem. Beihejte. 16 (1922) 234. 

* S. Od£n, Der Kolloide Schwefel, Nova acla Regiae Soc. Sci. Upsaltensis, (4) 3 (1913) nr. 4. 

* R. Zsigmondy and P. A. Thiesse.n, Das kotloide Gold. Leipzig 1925. 

* V. Kohlschutteb, Z- Elektrochem., 14 (1908) 49. 
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have the great advantage that no parasitic electrolytes arc formed as for instance in the 
formation of a silver halide by the reaction: 

AgNOa + KBr AgBr + KNO 3 

Apart from the condition of low total electrolyte content, it is often found that the 
presence of small traces of specific electrolytes is necessary to obtain a stable sol. Taking 
again the case of silver halides a slight excess of either Ag+ or halide ion is necessary 
to stabilize the sol formed. 

Such stabilizing electrolytes, which in several cases are also capable of redispersing 
a precipitate to a sol, are called peptizing electrolytes. 

b. Dispersion methods 

The simplest example of dispersion methods is the mechanical disintegration of 
macrophases. It is very extensively used in the preparation of emulsions where, by 
simple shaking of the two liquid phases, fine dispersions of one liquid in the other may 
be obtained. Greater forces may be exerted by pressing the two liquids together through 
a fine capillary or slit or by letting them pass between two rapidly rotating discs, (see Ch. 
VIII, § 12, Fig. 29 p. 337) which may lead to emulsions with a particle diameter well 
below 1 (i. 

Mechanical disintegration of solids is usually more difficult to perform. On a 
laboratory scale long grinding in an agate mortar may bring the particle dimensions 
down to about 1 u. Ball milling in the long run has the same effect. In so-called colloid 
mills * particles are broken in very strong fields of shear, but by all these means real 
colloidal dimensions 1 are seldom attained, although they certainly are useful in 
preparing suspensions that do not settle too rapidly. (Settling time of spherical particles 
of diameter 1 and excess density 1 in water amounts to 24 hours for 5 cm). Mechanical 
disintegration may lead to better results, if the phase to be dispersed is present in the 
form of conglomerates of very fine particles. In this way clay suspensions may be 
obtained in which particles (plates) as thin as 50A with a diameter of less than 1000 A 
are present ^ 

A method, which is only a dispersion method in its later stages, but which starts 
as a condensation method is the redispersion (repeptization) of — usually freshly pre¬ 
pared — precipitates. In the preparation of some hydrophobic sols {e.g., VjOj) * this 
repeptization is simply obtained by thorough washing of the precipitate (Ch. VIII, § 9, 
p. 333). In other cases next to the removal of almost all the dissolved salts, addition of 
traces of peptizing electrolytes is necessary. In this manner a fresh precipitate of silver 
iodide can be repeptized * by washing out and shaking with a dilute solution of an iodide. 

The usual preparation of sols of HgS* and other sulphides® is a precipitation of the 
sulphide, washing out of the precipitate and peptizing by the introduction of hydrogen 
sulphide. 

‘ H. Plauson, Chem. Zlg-. 44 (1920) 553, 565; Z. angew. Chem.. 34 (1921) 469, 473. 

P. M. Travis, Mechanochemisiry and the colloid mill. New York 1928. 

* C. E. Marshall, The colloid chemistry of the silicate minerals, New York 1949, p. 67 ff. 

3 W. Biltz, Ber., 37 (1904) 1098. 

* H. R. Kbuyt and M. A. M. Klompk, Kolloid-Beihefte, 54 (1943) 507. 

^ H. Fbeundlich and H. Schucht, Z. physik. Chem., 85 (1913) 643. 

» C. WiNSSiNCEP, Bull. acad. roy. Belg., (3) 15 (1888) 390; Bull. soc. chim. France. 49 (1888) 452. 
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Precipitated Fe(OH )3 may be peptized by slight acidification or addition of FeCl^. 


A very frequently used dispersion method is electrical disintegration, introduced 
by Bredig An electric arc is maintained under water between two metal electrodes. 
Clouds of finely dispersed metal pass then into colloidal solution, and with patience 

rather concentrated sols may 


be prepared *. Sometimes it 
is necessary to add traces of 
electrolytes ® (for instance an 
alkali hydroxide) to the water in 
order to obtain the best results. 

SvEDBERC * made the me¬ 
thod more flexible and also 
suitable for preparing sols in non-aqueous media by feeding the arc with high frequency 
alternating current, which greatly diminishes the decomposition of the liquid. Practically 
any metal can in this way be dispersed in a liquid with which it does not react.chemically, 
including the alkali metals in liquids like pentane or diethylcthcr. 



Fig. 1. Preparation of metal sols by electrical disintegration 

after Breoig 


A comparatively recent dispersion method is the application of ultrasonic waves 
introduced into colloid science by Wood and Loomis 

When a system of two liquids is subjected to ultrasonic vibrations, an emulsion is 
rapidly formed at the interface between the liquids. In the same way a precipitate, in 
which particles of colloidal dimensions are preformed, is easily redispersed by ultra¬ 
sound. The direct dispersion of solid matter in a liquid is usually not accomplished 
by ultrasonic irradiation except when the solid is of very low strength (sulphur, steatite, 
gypsum, etc.). 

A very good general account of the action of ultrasonic waves in preparing and 
changing colloidal systems has been given by K. Sollner ‘ 

The emulsification of mercury and other molten metals in water or organic liquids 
depends upon a kind of pumping action of the ultrasonic waves by which the lighter 
liquid is driven under the heavier one, rises to the surface and in uniting again with the 
bulk phase disrupts the metal membrane into very small particles. 

The mutual emulsification of oils and water seems to depend completely on the 
phenomenon of cavitation, that is the formation and sudden collapse of gas bubbles 
at the interface. 

The repeptization of precipitates, according to Freundlich and Sollner ' is also 
caused by cavitation. A peculiar property of ultrasonic waves is that besides their dis- 

* G. Bredig, Z. angew. Chemie, (1898) 951: Z. Elektrochemie. 4 (1898) 514, 547; Ari(/rgamsche 
Fermenle, Leipzig 1901. 

* For an auiomanc apparatus see H. R. Kruyt and J. G. Vogel, Kolhul-Bcihefie, 52 (1940) 87. 

* F. Eirich and Wo. Pauli, KoUoidchem. Beihefte, 30 (1930) 113.; H. R. Kbcyt and j. G. Vogel, 
/.c.; S. W. Pf.nnycuick. /. Chem. Sue., 130 (1927) 2600, found that ui ihe preparation of plan mum sols 
addition of electrolyte was not advantageous. 

‘The Svedberg. Ber., 38 (1905) 3616: 39 {\90fi) \105-, Nova acta Regtae Soc. Sci. Up$aher\i,ts, 
(4) 2 (1907) nr. 1 -.Phystk. Z-. 15 (1914) 361 ; G. Borjeson and T. Svedberg, Kollotd-Z., 25 11919) 154; 
G Borjeson, Them, Stockholm 1921; E. O. Kpaemer and The Svedberg, /. Am. Chem. Soc., 
46 (1924) 1980. 

^ R. W Wood and A. L. Loomis, Phil. Mag., (7) 4 (1927) 417. 

* K. Sollner, Sonic and ultr.isonic waves in colloid chemistry, in Jerome Alexander. Colloid 
chemistry, theoretical and applied, V. New York 1944, p. 337—373, where other literature is cited. 

■ M. Freundlich and K. Soi.lnep, Trans. Faraday Soc.. 32 (1936) 966. 
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persing action, they also have a pronounced coagulating action. This coagulation is 
caused by the accumulation of particles in the nodes, and by the regular movements of 
the smaller particles with respect to the larger ones (ortho kinetic flocculation, see Ch. 
VII. §6, p. 291). 

Therefore in a dispersion experiment a stationary state is soon reached in which 

just as much new material is dispersed as disappears from the colloidal state by coagu¬ 
lation. 


c. Sols in non-aqueous media 

Most of the methods mentioned in the foregoing subsections, although specialized 
on the preparation of sols in aqueous medium, can also be applied to non-aqueous 
solvents. Moreover methods exist by which aquosols can be converted into organosols. 

The mechanical disintegration is a much used technical method of preparing 
suspensions of finely divided pigments in oils (paints, varnishes). The so-called inver- 
sed emulsions (see Ch. VIII, § 12, p. 339) in which drops of water are dispersed through 
a homogeneous oil-phase are also prepared by mechanical means. 

The electrical disintegration of metals in organic media has already been mentioned 
in the preceding subsection (p. 61). 

Double decomposition can in many cases be applied in organic media. A sol of 
silver iodide in acetone may, for instance, be obtained by simply mixing acetonic 
solutions of silver nitrate and potassium iodide '. The same sol may, however, be 
obtained more easily and by a method of very general applicability simply by dialyzing 
an aquosol against the organic medium. By prolonged dialysis the last traces of water 
may be removed. This method which has been introduced by SchneiderS can only 
be applied to media miscible with water. For immiscible media the dialysis would have 
to be carried out in steps, first replacing the water bv a liquid which is miscible both 
with water and the final medium. 

Shaking out cannot be used to transform an aquosol into an organosol. If an 
aquosol is shaken with an organic liquid tlie particles as a rule assemble at the interface 
because that is their position of minimal free surface energy. Only in very exceptional 
cases can a distribution of colloidal particles between two liquid layers be observed 

In the case of pigments a direct transport of pigment particles from an aqueous 
phase to an oil phase is often possible and even an advantage. The pigment particles are 
usually prepared in water in order to obtain a sufficiently finely divided material. 
Instead of drying the pigment first and then bringing it into contact witli an oil, the wet 
pigment is mixed with oil, and if the interfacial tensions are favourable, the pigment is 
wetted by the oil, the water being expelled. The condition for success of this ''flush.ing 
process” ' is 

' solid-water : ■ >' solid-oil + oil-water 
where 7 represents the interfacial tensions. 


* E. L. Mackor. private communication . 

- E. A. Schneider, Ber ., 25 (1895) 1164. 

=* W, Lash Miller jnd R. H. Me Pherson./. Phys . Chem ., 12 (1908) 706. 

E. K. Fisher and D. M. Cans in Jerome Alexander, Coiloid chemistry , iheoreiicu ! and applied , 
VI. New York 1946, p. 322. 
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§ 2. BIRTH AND GROWTH OF SOL PARTICLES 

Whether or not a stable sol is obtained in a condensation method depends upon 
two conditions. In the first place the primary particles formed must be of colloidal 
dimensions, and in the second place these particles must not show any tendency to 
aggregation. In this section we shall treat exclusively the first condition and leave the 
question of stability against aggregation for treatment in sections 5 and 6. 

In the formation of a new phase, two completely different stages have to be 
distinguished, as has been found by Tamman ‘ and his pupils. These stages are the 
jormalion of nuclei and the rate of crystallization. These ideas have been applied to 
colloid chemistry especially by Von Weimarn = and a good, fairly recent review of our 
knowledge on phase formation has been given by Volmer ’. Very valuable data can also 
be found in a recent discussion ‘ of the Faraday Society. 

Nuclei of the new phase can only be originated after a certain degree of super- 
saturation or supercooling has been reached. The nuclei then grow further by assimi¬ 
lating more material until the supersaturation or supercooling is abolished. 

Evidently, a small rate of formation of nuclei and a large rate of crystallization will 
result in a small number of large particles, whereas a large formation of nuclei and a 
small rate of crystallization will give rise to many small particles, thus to a colloidal 
dispersion. Both the formation of nuclei and the rate of crystallization are sensitive to 
small changes in the composition of the solution, especially to the presence of easily 
adsorbable substances, and this may partially explain why it is so difficult to get com¬ 
pletely reproducible results in the preparation of sols. 

In most cases the formation of new nuclei and the further growth of nuclei already 
existing will occur simultaneously and consequently the particles in a sol are derived 
from nuclei that have originated at different times. Now the total amount of material 
accuimilaied on a nucleus is mainly dependent upon its time of growth and the satura¬ 
tion conditions, but not very much upon its original size. Thus tlie later formed nuclei 
will give rise to smaller particles and the first formed nuclei to larger particles, which 
explains that usually sols are heierndnper^ed. If, however, the formation of nuclei is 
restricted to a short period at the start of the sol formation, or if spontaneous nucleation 
IS completely prevented and nuclei arc added separately, the process of crystallization 
will lead to substantially isodispersed sols. 


a. Solubility of small particles 

Nuclei, and often even colloidal particles, arc so small that their thermodynamic 
properties may differ considerably from those of a corresponding macrophase. A well 
known example of tins behaviour is tlie increased vapour pressure of small drops as 
given by the equaiu)n of V'. Tho.mson '. 


R T In 

Py: 




* G. Tamman. Krtsto//i>ieren un»l Schmdsvrt. Lcipzii: 190 p, 131 — 161. 

* P. P. V(iN U'.iMARN. Gfundzitgc dif Dit’S>.icn 1911; 

KfillutJztiKtandes. 2rul Cvl.. DrcsJtn 1925. 

M Voi.Ml P. Kim ttk di'r PhitHtthtfdnng. DiesJen. Lcipn^ 19 39. 

' Ciysr.ll ^-rowth. Furiultn' Sot. 5 (1949). 

* W. Thu.mson, Phfl. Mug . (4) 42 (187!) 448. 
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in which pr is the vapour pressure of a drop of radius r, the vapour pressure over a 
flat surface, e the surface tension and V the molecular volume of the liquid. 

This relation is easily derived by considering that the amount of work done in bringing dn mole¬ 
cules of the liquid from a large phase bounded by a flat surface to a drop of radius r, is on the one hand 
equal to (jz,—) dn, in which the u's arc the chemical potentials in the drop and in the macrophase. 
On the other hand it is equal to the work done in enlarging the surface of the drop, o 2 77 r dr. 

Now V dn ^ 77 r-dr and thus 

(fir — [Xqo ) dn- +~Vdn (2) 

from which (1) immediately follows. 

For a liquid like water, p. is seen to exceed considerably when the radius 
drops below 0.1 u 

TABLE 1 

INFLUENCE OF DROP RADIUS ON VAPOUR PRESSURE OF WATER 


drop radius Pr'pco 

1 p 1.001 

0.1 u 1.011 

0.01 fi 1.114 

0.001 n 2.95 


The larger chemical potential of the small drops entails not only a larger vapour 
pressure, but also a larger solubility. Qualitatively eq. (2) may even be applied to small 
crystals, although, owing to the non-spherical boundary, the derivation and the final 
equation are slightly different 

It is this comparatively large solubility of small particles that can be considered 
to be the origin of the difficulty with which nuclei of a new phase are formed. 

b. Formation of nuclei 

As already mentioned the formation of nuclei only starts when a certain degree of 
supercooling or supersaturation has been reached. The solubility of a nucleus is 
larger than that of a macrophase and consequently a solution which is only slightly super¬ 
saturated in the usual macroscopic sense, would only allow very large nuclei to be 
stable and grow further, whereas smaller nuclei would not grow but on the contrary 
dissolve and disappear. Now the spontaneous formation of a large nucleus in which 
many molecules have to come together and which has a large surface free energy, is a 
very rare process. When the homogeneous mother phase, however, is more super¬ 
saturated, a much smaller nucleus, which has a greater probability of appearing, is 
already sufficiently stable to grow further and therefore a relatively large supersatura¬ 
tion must exist before spontaneous nucleation may be expected. 

It can be shown * that the number of nuclei, J, formed per unit volume and unit 
time, is strongly dependent upon the ratio of the actual concentration c and the satura¬ 
tion concentration c,. Approximately we have 

J^K,exp{—K,l(\nclc,r) (3) 

* cf. M. VOLMEP, Kineiik der Phasenbildung, Dresden, Leipzig 1939, p. 89 ff. 

- M. Voi.MER, Kineiik der Phasenbildung, Dresden, Leipzig 1939, p. 130, 212; M. Volmer and 
A. Weber, Z. physik. Chem., 119 (1926) 277; R. Kaischew and I. N. Sthanski, Z. physik. Chem., B 26 
(1934) 317; R. Becker and W. Dohinc, Ann. Physik, 2A (1935)719; W. J. Dunning, Disc. Faraday 
Soc., 5 (1949) 79. 



§ 2 BIRTH AND GROWTH OF SOL PARTICLES_^ 

and consequently the number of nuclei increases both by increasing the concentration 
or by decreasing the solubility. 

It is well known, that very slightly soluble salts (e.g. HgS) arc usually formed in a 
very high degree of dispersion. Another nice example is given by K. Wolff S who 
prepared precipitates of BaSO, in water-propanol mixtures. In pure water the precipi¬ 
tate IS clearly crystalline and sediments rapidly. With increasing amounts of alcohol 
(the salt concentration remaining constant!) the solubility decreases and the particles 
remain smaller and sediment more slowly until in the presence of 75‘^’„ propanol the 
particles are so small that the solution is practically not turbid. See Fig. 2. 



Fik- 2. P.nriicle size depenciiriR upon solubility, hormation ot 
BaSO, :n water (left hand tube) .inJ in prop.inol-vv.uer mixtures of 
increasing propanol concentrations (left to right). In the right hand 
tube the particles are too small to give even an appreciable Tyvdall 
light. Propanol concentrations from left to right 0. 10. 20, 40, 60 
and 75 . Picture taken after experiments by H. Koelmans 

Here we may mention an old rule of VoN Weimarn ^ according to whom colloidal 
systems of insoluble salts are formed either by the mixing of very dilute or by the 
mixing of very concentrated solutions. 

Although Von Weimarn’s experiments are not always treated witli sufTicicnt criti¬ 
cism, and, in several cases, the coarseness of particles is more connected with the forma¬ 
tion of secondary aggregates (flocculation) than with the size of the primary particles, 
nevertheless the second half of his rule may be explained on the strength of the fore¬ 
going theoretical treatment. 

In the concentrated solutions the total amount of insoluble substance formed is 
greater, but the number of nuclei found is more than proportionally larger (eq. 3) and 

' K. Wfii FF. Dipl , arheit Techmsihe Hochichuie , Berlin. Cited from M. Volmik, l . c . 

* P. P. VOS- Whmapn, see f.ir iruitance: Chem Devs.. 2 (1926) 217. 
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thus the particles formed remain small. In these conditions, however, no sols are for¬ 
med, because they are flocculated by the presence of the large amounts of accompanying 
electrolyte. In certain cases, however, the smallness of the particles may be demonstrated 
by washing the precipitate and peptizing it to a sol. 

The fact, that in the very dilute region again sol formation is possible, may be 
tentatively connected with the presence of extraneous nuclei. 

c. Crystal growth 

The process of crystal growth can be most easily investigated when spontaneous 
nucleation is excluded. For a review of the many beautiful investigations in this field 
we refer the reader to the monograph of Volmer'. We just want to retain the fact that 
in solutions the rate of crystallization is sometimes governed by diffusion of the crystalli¬ 
zing substance to the surface of the crystals, although in other cases it may be just the 
deposition of new molecules on the existing crystal which is rate-determining. In the 
first mentioned cases the linear growth of a crystal is proportional to the degree of super¬ 
saturation (c—c,) and inversely proportional to the diameter of the crystal. In the 
second case the linear growth is independent of both these parameters. 

In certain well investigated cases ^ of crystal growth, however, the relation between 
rate of growth and supersaiuration appears to be very complicated and many details 
have still to be cleared up. Moreover, it should not be forgotten, that although results 
from nucleation research can be immediately applied to the formation of colloids, 
results on crystal growth lend themselves much less readily to such a transposition. 
Our best knowledge on crystal growth is derived from the study of the growth of com¬ 
paratively large crystal faces, whereas in colloid formation only the very first stages of 
growth are relevant. 

The crystal growth is especially important in the preparation of isodispersed sols, 
a few examples of which exist. In the first place we have to mention the classical method 
of Zsigmondy^ of preparing isodispersed gold sols. An aurichloric acid solution is redu¬ 
ced in the presence of sufficient nuclei (prepared by reduction of HAuCl, by P). 
When the reduction is carried out slowly, spontaneous nucleation can be avoided and 
ail the gold newly reduced is accumulated on the nuclei present and makes them grow. 
As the time of growth of all the particles has been the same, they have (apart from a 
small scatter in the size of the primary particles) all the same dimensions. 

Similar methods can be applied with various other sols. (Se Ag^ etc.). 

Another beautiful example of isodispersed sols is formed by the sulphur sols pre¬ 
pared by La Mer and Barnes ®. They mixed very dilute solutions of sodium thio¬ 
sulphate and hydrochloric acid. During about one hour sulphur was formed as was 

' M. VoLMEF, I.C., p. 64; See also Cyrstal growth. Disc. Faraday Soc., 5 (1949). 

- C. W. Bunn, Disc. Faraday Soc., 5 (1949) 132; W. F. Befg, Proc. Roy. Soc. (London), A. 164 
(1938)79. 

^ R. ZsiGMONDV, Z. physik. Chem., 56 (1906) 65. See also R. Zsigmondy and P. A. Thiessen, Das 
kollotde Cold, Leipzig 1925, p. 59 ff. 

' H. R. KRUYTand A. E. van Arkel, Rec. irav.chim., 39 (1920)656:40 (1921) 169; Kolhid-Z-, 32 
(1923)29. 

^ R. Zsigmondy, Nachr. kg. Ces. Whs. Cdinngen, Maih.-physik. Ktasse, (1916) 11; }. Voigt and 
J. Heumann, Z. anorg. Chem.. 164 (1927) 409; 169 (1928) 140; 173 (1928) 27. 

E. WiEGEi, KoUoidchem. Beihefte, 25 (1927) 176; Kolloid-Z., 47 (1929) 323; 51 (1930) 112; 

53 (1930) 96. 

« V. K. La Mer and M. D. Barnes,/. Colloid Sci .. 1 (1946) 71; V. K. La Mer and A. S. Kenyon, 
thiJem., 2 (1947) 257. 
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indicated by light adsorption, but no nuclei came into existence. When the sulphur 
concentration had increased to about 5 10 • molar, suddenly a number of nuclei (about 
2 10* per cm®) were formed which grew rapidly to a size of about 0.2 (x. Thereafter 
they increased more slowly in size, remaining extremely isodispersed for times of 
growth as long as 24 hours. The growth could be stopped at any desired moment by 
reacting the greater part of the remaining thiosulphate with iodine. 

We see again how a rather strong supersaturation is necessary for the formation of 
nuclei. Nuclei once formed, grow rapidly, thereby diminishing the degree of super- 
saturation and at the same time their own solubility. In the later stages the slow growth 
depends upon the continued formation of sulphur by the chemical reaction. Reiss and 
La Mer ‘ have shown that the isodispersity could be completely explained by the 
diffusion of sulphur to the particles. 

Analogous techniques have been applied by La Mer and coworkers for the for¬ 
mation of sols ® of AgCl and BaSO, and of isodisperse aerosols ®. 

The dimensions of the particles and their isodispersity have been determined by 
optical methods for which we refer to chapter III, § 2, p. 97. 

d. Ageing 

Many sols show phenomena of ageing, connected with the lack of stability of small 
particles and their very large interface. As freshly prepared sols often contain very small 
particles, these ageing phenomena may be important and usually it is necessary to leave 
a sol a few days after preparation, before it can be used. 

The ageing may proceed by at least three different mechanisms. It may be a partial 
flocculation, caused by the insufficient repulsion between small particles. ' It may also 
be a recrystallization of separate particles without a noticeable change in the number 
of particles. Verwey and Kruyt ^ have demonstrated this kind of ageing in freshly pre¬ 
pared silver iodide sols. In later stages, especially at elevated temperature, this same 
system shows the third kind of ageing, nr. a decrease of the number of particles caused by 
an actual transport of matter from the smaller, more soluble particles to the larger ones. 

In a flocculate the large concentration of particlas makes the ageing phenomena 
more pronounced. They can often easily be followed by measuring the decrease of 
adsorption. (See chapter VII, 5 9, p. 300). 

Kolthoff ■ drew attention to the possibility that in a precipitate particles may be 
cemented together by bridges which gradually can develop into a complete unification 
of the particles. 

A peculiar aspect of ageing has been stressed by Jonker ■■. When one considers the 
equilibrium between .i small droplet or particle and an infinitely large amount of gas 
or solution, as we did in ^ 2 a. p. 63. this equilibrium is always labile. A very small loss 

' H. Rriss and V; K. La Mf». /. Chem. Phys., 18 (1950) 1. 

- V. K. La MtB and R- H. Dinecap. }■ Am. Chem. Soc., 73 (1951) 380. 

^ D. SiNCLAiP and V. K. La Mep, Chem. Revs, 44 (1949) 245. 

* G. H. JoNKEP. Thesis, Utiecht 194 5. p. 67; Sec also ch.ipicr VII I. ^2. p. 305; E. J. W. Vervsev acid 
J. Th. G. OvEPDffK, Theory of the Mubilify of tyophohu iolhids, Amsterdam 1948. p. 171. 

' E. J. W. VtPWEY and H R. Khlyt. Z phvsik. Chem , A 167 (1934) 137. 

® H. Fpeundlich and H. Sciiccht, Z. physik Chem., 85 (1913) 660; H. Fpeundlich and E. Hasf. 
Z. physik. Chem., 89 (1915) 417. 

' See chapter VII. § 9, p. 501 and hierature cited there. 

G. H- JoNKtP, Thesis, Utrecht 1945. p. 47 ff. 
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of material by the particle will make it smaller, increase its solubility, and dissolution 
will continue until the particle has disappeared. On the other hand, a slight increase of 
the particle will make it less soluble, causing more and more material to accumulate on 
it. The equilibrium may be changed, however, into a stable one by considering not an 
infinitely large gas or solution phase, but one of finite, rather small dimensions. In that 
case a slight loss of material from the particle to the solution phase will result in a 
higher concentration. This increase of concentration may be larger than the increase in 
solubility of the particle, thus driving the system back to its original state. 

This kind of instability will also be present in dilute sols, but when the sol is more 
concentrated, it is as if each particle is embedded in a small box, causing the equilibrium 
to be stable. Consequently, the more concentrated the sol, the smaller its particles 
may be. 

Of course, this instability is especially related to isodispersed sols, and for hetero- 
dispersed sols the normal growth of the larger particles at the cost of the smaller ones 
will be the main cause of ageing. 

If the ageing is not only based upon the influence of the free surface energy, but is 
promoted by an allotropic phase change, ageing phenomena may be still more pronoun¬ 
ced. A good example is the sol of vanadium pentoxide *, which, when first formed, 
contains particles with a true solubility of the order of 1 g/1, whereas on standing, these 
particles disappear, and are replaced by the characteristic rod-shaped particles, while 
the solubility decreases to about 0.1 g/1. 

§ 3. PURIFICATION OF LYOPHOBIC SOLS 

a. Dialysis 

Most lyophobic sols contain a larger or smaller amount of contaminations of small 
molecular weight after the preparation. These can be removed by dialysis, a method of 
purification and of characterization of colloidal systems, already introduced by 
Graham*. In its simplest form dialysis is effected by placing the sol in a container 
which has a membrane for bottom. This 
membrane is permeable to the solvent and the 
other small molecules present, but imper¬ 
meable to the colloidal particles, a kind of 
semipermcability that is easily realized. The 
membrane is brought into contact with the 
pure solvent, which is periodically renewed 
until no further contamination of the washing 
liquid occurs. 

The choice of the membrane has to be Fig. 3. Dialyzer after Graham 

adapted to the system to be dialyzed. For 

most aquosols collodion membranes are very suitable as they can be prepared with 
practically any conceivable permeability by varying the solvent from which the collo¬ 
dion is precipitated, and the drying process. 

> G. VAN DEB Lee, Thesis. Delft 1926.; W. Reinders ano G. Van Deb Lee, Rec. trau. chim., 47 
(1928) 198. 

* Th. Graham, Phil. Trans. Roy. Soc. (London), 151 (1861) 183. 
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For non-aqueous solvents denitrated collodion or cellophane are in use. They are 
usually somewhat denser than collodion but especially the easy availability of cellophane 
makes it a very much used membrane even for dialyzing in aqueous systems. 

Pig's bladder and parchment paper are also used as dialyzing membranes. Gra¬ 
ham’s original experiments were carried out with parchment paper. 

As dialyzis is a very slow process — it is based upon diffusion through the mem¬ 
brane — several more refined techniques have been suggested to increase its speed. 
Zsigmondy and Heyer’ realized a large membrane surface combined with a very thin 

layer of sol in the star-dialyzer which 
is represented in Fig. 4. 

Agitation of the sol and the 
outer liquid and the application of 
higher temperatures are also helpful, 
although not all hydrophobic sols can 
withstand the more elevated tempera¬ 
ture, and the membranes may give off 
unwanted colloidal contaminations. 

Fig. 4. Star-dialyzer after Zsigmondy and Heyeb With the easy availability of cel¬ 

lophane or parchment paper tube, 

(artificial sausage skin), dialysis with a favourable ratio of volume to interface can be 
very easily performed by partially filling a cellophane tube with sol, closing it on both 
sides with a piece of — cleaned — string, and placing it in constantly renewed solvent. 

b. Ultrafiltration 

The application of pressure to the sol changes the dialysis into ultrafiltration (see 
§ 4). It IS not a method of purification, but of concentration, forcing the whole inter- 

micellar liquid through the membrane, often 
even with a certain preference for the solvent. 
But by diluting the sol with pure solvent after 
partial ultrafiltration, a purification is obtained. 

As a membrane cannot withstand large 
pressures, it has to be supported for ultrafiltra¬ 
tion purposes. This is either effected by pla¬ 
cing a ready-made flat membrane on a sieve 
plate (Fig. 5) or by preparing the membrane 
on a non-glazed porcelain beaker by pouring a 
collodion solution into the beaker and precipi¬ 
tating the nitrocellulose by evaporation (Bech- 
KOLD filter). 

c. Electrodialysis 




Fjg. 5. UUr.ifiltration ftinnel. *]*he removal of ionic contaminants from 

Left, -one of three springs, kccr.nc the r-irts enormously accelerated bv the 

of the uUrahUrAtion funnel toueilic* . , . , r i i -r-i i ' 

Application ot an electric nelu. 1 his technique 

was used for the first time by Morse and Pierce • for the purification of gelatin, and 


* R. Zsigmondy and R. HtVKP, 2. onorg. Chim., 68 (1910) 169. 

* H. W. Mopse and G. W. Pierce, Z. phystk. Chem., 45 (1903) 606. 
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has been applied on a larger scale also for lyophilic colloids by Dhere Pauli*, who 

method to hydrophobic colloids, has designed a type of electrodialyser 
which IS reproduced in Fig. 6. The electrodialysis is especially effective in the end 
of the dialysis when the concentration gradient and thus the rate of diffusion is small, 
and high field strengths can be applied in the badly conducting solutions. When the 
sol still contains much electrolyte, normal dialysis may often be quicker. 

One of the difficulties in electrodialysis is the fact that the membranes are usually 
selectively permeable to the cations. This is because the membranes are negatively 
charged and thus their pores contain more cations than anions. The transport of electri- 



Fig. 6. Electrodialyzing apparatus after Wo. Pauli. 


city across the membranes is therefore preponderantly and sometimes exclusively 
provided by cations. In an electrodialysis containing such membranes, the cations are 
removed more rapidly than the anions and, in order to maintain electroneutrality of the 
solution, the sol becomes acid. For many sols, especially for hydrophilic sols, where the 
method of electrodialysis is preferably applied, this is undesirable. The effect of acidu- 
latmn can be suppressed by a suitable positivation of the anodic membrane, so that the 
anions can leave the cell more easily. This positivation* can be effected by impregnation 
of collodion by suitable proteins, amino acids or dyes. 

Another method of avoiding undesirable changes of the pH is the application of a 
small current density or the use of a diluted sol. 

Another danger in electrodialysis is the fact that cations present in the anode cham¬ 
ber or anions present in the cathode chamber are drawn into the sol by the electric field. 
If these ions are strongly adsorbed to the sol particles, it is often found difficult to elimi¬ 
nate them. As it is difficult to prepare distilled water with an electrolyte content as low 
as 10 *N (metallic contaminations from the distilling apparatus), and as a consumption 
of 100 1 of water to clean 1 1 of sol is no exception, this means that a contamination of 
the sol of the order of 10”* gr eq/1 is quite possible. De Bruyn and Troelstra*, in order 
to avoid this effect, designed an electrodialyzer (Fig. 7 and Fig. 8 ) with 5 chambers. By 
letting the rinsing distilled water first pass through the narrow chambers adjacent to the 
sol, electrolytes diffusing from the electrode compartments do not easily reach the sol. 


' DHitRE and M. Gorgolewski. Compi. rend., 150 (1910) 934; KoUoid-Z., 41 (1927) 
24 313 * 

* Wo. Pauli, Biochem. Z., 152 (1924) 355; 187 (1927) 403. 

Cei„ 30 (1920) 314; Wo. Pauli, Biochem. Z.. 152 (1924) 
355, 360; 153 (1924) 253; 156 (1925) 482; H. Freundlich and F. Loeb, ibidem., 150 (1924) 522; 
R. Bbadpield, Naturwhsemchaften, 16 (1928) 404. 

^ H. De Bruyn and S. A. Tpoelstra, Koltoid-Z., 84 (1938) 192. 
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Moreover, the total amount of rinsing liquid may be sensibly decreased. Finally it 
appears to be possible to prepare distilled water ‘ in large quantities containing only 
between 10 *and 10 ®7Vof contaminants like Cu'*"*', 

Zn"*"*" and Pb"*"*", and by combining these different 
precautions, electrodialysis may indeed be said to 
be ideal for rapid and complete cleaning of sols. 

Electrodialysis is also applied on a technical 
scale. As an example we mention a method recently 
developed in the Netherlands ‘ in which whey, a 


H- 



Fig. 7. Elecirodialyzcr with 5 chambers 





by 
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A • supply of twice distilled water. B dram of 
rinsing chamber, C - cellophane membrane, D col¬ 
lodion membrane, E electrode chamber, F water 
supply to electrode chamber, G = dram of electrode 
chamber, H electrode, I groove for escape of 
gases, M middle chamber. R stirrer 


Fig. 8. Operating scheme of 5 chamber 

dialyser. 

V stock of twice distilled water 
N drop counters, K drainage tubes with 
L constant level, P lamp potentiometers 


waste product from the cheese and casein preparation, which is available in millions 
of litres, is subjected to electrodialysis. Whey still contains nearly the total lactose con¬ 
tent of the milk plus a substantial amount of protein, but the relatively high salt con¬ 
tent makes it unsuitable for consumption on a large scale even for cattle. Normal dialysis 
would cause a big loss of sugar but by electrodialysis the salts can be eliminated 
preferentially, leaving a valuable solution of sugar and proteins, which among other 
possibilities, can be made the basis of a baby food. 


d. Electrodccantation 

The electrodialyzer can also be used for concentrating a sol. By carrying out electro- 
dialysis without agitation in the middle cell, the sol particles accumulate in a relatively 

*J- A. W. Van Laab, Chem. Weekblad, 36 (1939) 611. 

* Chem. Weekblad. 44 (1948) 343. 
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t in layer on the bottom of the cel! with a colloid-free supernatant. This process of 
c/ectrodecantaNon which was introduced by Pauli >, is explained by a circulation in the 
cell caused by density differences If the sol particles are negatively charged, they are 
drawn towards the anodic membrane, leaving a 
particle-free layer adjacent to the cathodic mem¬ 
brane. This less dense layer moves to the top of the 
cell and the dense anodic layer sediments to the 
bottom. This process continues until the sol particles 
are practically removed from the field between the 
electrodes. With stable systems like the silver iodide 
or arsenic trisulphide or the iron hydroxide sol, it is 
possible to prepare sols of a concentration of 10®o 
and more dispersed material in this way. 

Kirkwood and coworkers “ recently developed 
a more refined form of electrodecantation, by means Circulation in elcctrodecan- 

of which if was possible to separate a mixture of ^ negatively charged sol. 

proteins on the basis of small differences in electrophoretic mobility. 

One might think, that electrodecantation would be a very effectivemeans of puri- 

cation, because a considerable quantity of contaminating electrolytes is removed 
with the supernatant. 

This, however, is only the case to a very limited extent. In the initial stages of 
electrodialysis, electrodecantation is very slow, because the electrophoretic velocity 
(see this chapter, § 4 c, p. 78 and chapter V, p. 207) is small. In the later stages, when 
me rnajor part of the electrolytes has already been removed, electrodecantation is not 
helpful to eliminate the remainder of electrolytes, because the electrolytes are also 
decanted * and the supernatant is practically pure water (see § 4 a, p. 73). 


§ 4. PROPERTIES OF LYOPHOBIC SOLS 

a. Particles and intermicellar liquid 

In a lyophobic sol one distinguishes between the sol particles and the liquid in 
which they are embedded, called internal and external phase or micelles and intermicellar 
liquid respectively. Moreover, there is the interface between the two phases, on which 

adsorption phenomena of the utmost importance for the stability of the colloid are 
present. 

Besides the particles themselves, the interface is the most interesting region of a 
sol. In order to be able to analyze the interface, however, and to understand its beha¬ 
viour. knowledge of the composition of the intermicellar liquid is indispensable (cf 

' Wo. Pauli, Naturwissenschaften. 20 (1932) 551. 

■' F. Blank and E. Valko, Biochem. Z-, 195 (1928) 220; 

E. J. W. Vepwey and H. R. Kruyt, Z. phyuk. Chem., A 167 (1933) 149. 

* J. G. Kirkwood. ]. Chem. Phys., 9 (1941) 878; 

L. E. Nielsen and J. G. Kirkwcod./. Am. Chem. Soc.. 68 (1946) 181; 

J.R. Cann, j. G. Kirkwood, R. A. Brown and O. J. Plescia,/./I m. C/im. Soc., 71 (1949) 1603, 

■' S. A. Tpoelstha, Thais, Uiretht 1941. p. 25. 
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chapter IV). The intermicelUr liquid is of course a saturated solution of the material 
of the sol particles and further it may contain other electrolytes and non-electrolytes. 
All these solutes may be adsorbed to a greater or lesser degree at the interface. 

Because this adsorption may be present partially in the form of a diffuse double 
layer (this Ch. § 4 c, p. 78. Ch. IV, p. 115) which may extend considerably into the 
solution phase, the notion of intermicellar liquid has to be defined more precisely. In a 
very dilute sol the composition of the liquid far away from every sol particle may be 
considered to be that of the intermicellar liquid. In more concentrated systems the best 
definition is the liquid with which the sol can be in equilibrium when the sol particles 
are prevented from diffusing into it. 

The most correct way to prepare the intermicellar liquid is therefore a dialysis 
without renewal of the external liquid until equilibrium between sol and external liquid 
is obtained. This equilibrium liquid is then identical with the intermicellar liquid. 

If the sol particles are large and or heavy, they may sediment rapidly enough to 
leave a clear layer of intermicellar liquid on top in a reasonable time. 

Other methods which have been frequently used for preparing the intermicellar 
liquid, are ultrafiltration or centrifugation. These methods are, however, not always 
reliable. In ultrafiltration selective permeability (sec § 3 b, c) of the membrane or 
adsorption to the membrane or its support may disfigure the results. In centrifugation 
a centrifugation potential (see chapter V, § 8, p. 221) may arise and change the composi¬ 
tion of the supernatant by electrolysis. Moreover, the sol particles are so heavily pressed 
to the bottom of the centrifugation tube, that flocculation results with a subsequent 
change in adsorption which, at least when the colloid is concentrated, also changes the 
concentration of the intermicellar liquid. 

Pauli ' has often used the supernatant of an electrodecantation as the intermicellar 
liquid. This procedure is certainly not permissible, because in electrodecantation not 
only the sol particles but also the ions are decanted -, thus simulating an intermicellar 
liquid which is too dilute. 


b. Dimensions of the particles 

In many problems it is necessary to know either the number of particles (floccula¬ 
tion phenomena) or their total surface (double layer problems) or their size and shape 
(optical properties). 

In nearly all problems of this kind it would be an advantage to have isvilispersed 
sols at one’s disposal (see 5 2 c, p. 66). Unfortunately, isodispersed sols are very excep¬ 
tional and can only be obtained by very special tnethods of preparation. In practice one 
has mostly to deal with strongly heterodispersed or polydispened sols. 

b. 1. Preparation of isodiipersed sols 

There are two different ways of preparing isodispersed systems. The first is sorting 
out the particles of one size out of a heterodispersed system. The second is preparing 
the sol in such a way, that all particles grow to exactly the same size. The first way has 
been followed by Perpin in preparing the suspensions of mastix or gamboge on 


' E g. Wo, Pauli jiiJ E. Russrp, K->lloiJ-Z.. 58 (1932) 22. 
^ S. A. Tpoelstpa, The < i %, Utrecht 1941. p. 25. 

’ J. Pkrbin, Lesaiomes. P.iris I6e niille (1924), p. 135. 
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which he made his famous investigation of BROwman motion and related phenomena. 

By repeated fractional centrifugation of 1 kg of gamboge it was possible to obtain 
a few decigrams of spherical particles of uniform diameter (about 0.75 .u). 

Needless to say, that this is a very time-consuming method, which moreover can 

only be successfuhfthe particles are comparatively large (more in the range of suspen- 

sions than m that of sols) and are completely repeptizable. 


The other method depends on the regular growth by crystallization of pre¬ 
existing nuclei and has already been treated in § 2 c, p. 63. With this method isodis- 
persed gold sols have been prepared with diameters varying from 10 m i/ to 1 silver 
sols between 10 m and 100 m ji, and selenium sols » with particles from about 100 m -x 
diameter. The method of La Mer ^ for preparing isodispersed sols is not different in 
principle, although the preparation of nuclei and the further accumulation of material 
on them is carried out in one process. His investigations include sulphur sols (diameter 
U.4 1.3 u,)» silver chloride and barium sulphate. 


b. 2. Average size oj the particles 

As the limit of resolution of the ordinary microscope is of the order of 0.5 u, direct 
determination of particle size with the microscope is only possible for lyophobic 
systems with coarse particles. For normal sols the microscope is useless. 

The electron microscope with a limit of resolution of the order of a few m tx is a much 
more suitable instrument, but it has not as yet been frequently used in the field of 
lyophobic suspensions. One of the difficulties is that suspensions cannot be investigated 
directly with the electron microscope, but the particles have to be separated from the 
intermicellar liquid and theri it is often not easy to avoid artificial agglomerations. 

Reviews on electron microscopic work are given by Anderson ^ and by Turke- 

viTCH and Hillier * •* . Watson ’ especially draws attention to difficulties in determining 
particle sizes. 

Electron microscopic pictures of colloidal silver iodide and of colloidal silver are 
presented in Fig. 10. 

As most lyophobic colloids contain crystalline particles. X-ray methods may lead 
to an estimation of particle dimensions. The broadening of the X-ray diffraction lines was 
used for the first time in the case of colloidal gold by Scherrer *. who determined the 
particle diameter of a nuclear gold sol at about 18 A. The method has been perfected 
and applied in several cases also with electron diffraction. 

For a more recent discussion of the rontgenographical basis of the method, see 
Brill ^ or Clark Early applications to colloidal gold, platinum, silver, tin oxide, iron 

* R. Zsigmondy, Lc., p. 66. 

* R. Zsigmondy; J. Voigt and J. Heumann; E. Wiecel, l.c., p. 66 

H. R. Kpuyt and A. E. Van Arkel, U.. p. 66. 

■* V. K- La Mer, l.c., p. 66 and 67. 

^ T. F. Anderson, Advances in colloid science I, New York 1942 p 353 

‘ T. Turkevitch and J. Hillier, Anal. Chem., 21 (1949) 475 

' J. H. L. Watson, Anal Chem., 20 (1948) 576. 

P. Scherrer, Cdninger l^achrichien, 1918, p. 98. 

See also R. Zsigmondy, Lehrbuch der KoUoidchemie, 3rd ed. Leipzis 1920 o 387 

•* R. Brill, 2./frisi. A., 87 (1934) 275;/ro//oid-2., 69 (1934) 301. 

G. L. Clark, Applied X-rays, New York, London 1932, p. 336 ff. 
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oxide, are described by Bohm *. A recent example is the investigation of colloidal 
Ni(OH )3 which crystallizes in small plates *. 

The line broadening is determined by the size of the crystallites and by the degree 
of perfection of the crystals. So if the particles arc composed of more than one crystallite 
or contain relatively many lattice flaws, this method gives too small an estimate of the 
particle size. 

The small angle scattering^ (See Ch. I, § 4 f. 5 y, p. 51) around the primary X-ray 
beam is just of the right order of magnitude to determine particle dimensions. An advan- 



Fig. 10. Electron micrographs of colloid.il silver iodide (diameter 100 - 800 A) and of colloiJ.iI 

silver (diameter of primary particles about 150 A). 

a. Silver iodide. Pt shadowed 10,000 x. b. Silver 32,000 x. 


tage over the broadening of diffraction lines is that the small angle scattering depends 
primarily on density fluctuations in the sample and thus determines the particle size 
more exactly than the size of the crystallites. 

This method is new. so not many results can be quoted. An intcre>ting comparison 
has been made by Yudo'a itch ', who determined the radius of gold particles by small 
angle scattering and by direct electron microscopic observation, Ilis results are given 
in Table 2. 

TAULK 2 


PADK S or COLD PAKTICLKS 


Electron microseopc 
232 A 13 

3H0 A 16 


Small .loek Si..itlcrii;i; 
237 A 
387 A 


* J. Ih-iiM, Kolloid-Z . -12 (1927) 276. 

* A, Bf.PGEP. KoUoid-Z.. 103 (1943) 185; Ifll (1913) 21. 

^ A. Gi'iNirP, Ann. da P/ii ^ . 12 (1939) 161:7- f'""' 40 (194 3) 1 33; O Khaikv. Z. FUku- 

4^1940)^5^5^^^^ 5*^7; U Hosemavn, Z- P(i>uA, 113 (1939) 751; 11-} (1930) H3. 2 

* K L Yutxmirsc H. / Aj>r!. I‘hv.. 20 (1919) 174. 
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Applications of the method to amorphous carbon (radii200—300 A) aregiven by 

Warren and by Hosemann \ and Elikn c.s. * have determined the very small particle 
dimensions (32—58 A) of alumosilicate gels. 

A method which has been very frequently used for the determination of particle 
sizes, IS the ^t^nting of the number of particles in a given volume by means of the ultra- 
microscope. This method is particularly suitable for sols with not too small particles of 
a substance differing greatly in optical density from the dispersion medium. For details 
of this method see chapter I, § 4 f. 3, p. 39. 

When the particles are large (> 0.1 ji), sedimentation under the influence of gravity 
IS rapid enough to be observable. By the application of the Stokes equation, the particle 
radius, a, cm be calculated from the rate of sedimentation, v. 


V ^ p..r. -d solv) g 

6 t: ca 

r^^fhod, when applied to heterodispersed systems can give a distribution curve 
of the sizes of particles present in a sample. Especially in soil science, where one is inte¬ 
rested in dimensions of 1 [z and higher, sedimentation analysis is a frequently used tool®. 

For smaller particles, the sedimentation can be accelerated by the application of 
centrifugal fields. Indeed the first models of Svedberg's ultracentrifuge * have been 
applied to the determination of particle size in gold sols. 

The particle size distribution in clays, extending from 2 jz - 10 m |z has also been 
determined by centrifugal methods 

A rough idea of the size of particles can be obtained by ultrafiltration through sui¬ 
table membranes. The permeation through an ultrafilter is, however, not exclusively 
determined by a mechanical sieve effect. Often the influence of the charge of the particles 
is preponderant. Elford ® has shown how the dimensions of lyophilic particles can be 
determined by this method. With lyophilic particles, however, charge effects can be 
suppressed by electrolyte addition which, in the case of lyophobic systems, would result 
in flocculation. 


Finally, various optical properties (especially light scattering) are strongly depen¬ 
dent upon particle size. For the application of these methods, see chapter III, § 2, p. 91. 

b. 3. Shape of the particles 

In the foregoing subsection it has been tacitly assumed that the particles are regular 
in shape (spherical, cubical or the like). In fact of course, they are often more irregular, 
and especially if their dimensions are much larger in one or two directions than in the 
other, the rod-shaped or blade-shaped particles give rise to interesting phenomena. 

The shape of the particles may be determined by the electron microscope ’ * ®. 
See Fig. i 1. 

In the ultramicroscope, particle shape can be determined in so far as at least one 
dimension of the particles is larger than the wave-length of light. 

‘ B. E. Warren,/. Appl. Phys., 20 (1949) 96; R. Hosemann, Kolloid-Z.. 117 (1950) 13—41. 

P. B. Elkin. C. G. Shull, L. C. Rorss, Jnd. Eng. Chem., 37 (1945) 327. 

® H. Gessner, Die Schlammanalyse, Leipzig 1931. 

' T. SVEDDERC and H. Rinde,/. Am. Chem. Soc., 46 (1924) 2677. 

® See for instance C. E. Mabsh,\ll, The colloid chemistry of silicate minerals, New York 1949, p. 67. 

® W. J. Elford, Proc. Roy. Soc., 112 B (1933) 405. 

',", ■’ see opposite page. 
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Fig. 11a. Vanadium pentoxide-sol 


Iron hydroxide particles prepared by 
f FeCls. Notice the strong tendency 
nted aggregates. 15,000 x. 


Fig. lie. Tungsten oxide particles, fresh, Cr-sha- 
dowed, angle < 15 =. 7,000 x. 

Fig. 11*. Electron micrographs of rod-shaped (V,0 
X 0.04 fx) and blade-shaped (WO,, 10 a > 


Fig. Hd. Tungsten oxide particles, aged, Cr-sh 
dowed, angle • 15 . 8500 x. 

's, diameter < 0.02 y., lengthseveral^ and FeOOH 0 05 
-c 4 (X X 0.1 ix and 2 |x X 0.8 fx X 0.04 ix) particles. 


J. Turkevitch and J. Hillief, Anal. Chem., 21 (1949) 475. 

« R. Signer, and A. Bergen, Kotloid-Z-. 101 (1942) 12 

. tiT’ /Idvancer m colloid science I, New York 1942, o. 384 ’ 

n‘ e" micrographs lib, c and d have been obtained from Dr T H L Watsom Ti 

Wayae U„.versi.y, The,, k,„d cotutrS 

c/. J. H. L. Watson. W. Hsttb and W. Wojtow.ct, J. Hen,. P^', 16Tl948l 997; 999. 
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fi.M Of .r/tes of sedimentation and of diffusion, very important in the 

field of hydrophilic colloids S has never been applied to lyophobic systems. 

beyeral optical methods, particularly streaming double refraction, double refraction 
m an electric or magnetic field, and special properties of the scattered light depend 
strongly upon the shape of the particles. For instance, in a laminar field of flow of 
sutticient velocity, long particles are arranged with their long sides parallel to the stream 
lines which makes the system double refracting. These methods are treated in chapter 


c. Electrical properties of hydrophobic systems 

The particles of lyophobic sols move along the lines of force when subjected to an 
electric field, at least, those m aqueous and in polar organic media like ketones and 
alcohols. This motion is called electrophoresis. The existence of electrophoresis proves 
that the particles are electrically charged. As the sol as a whole is electrically neutral, an 
equal charge of opposite sign must be present in the intermicellar liquid, and in con¬ 
sequence of the attraction between charges of opposite sign, charge and counter charge 
remain in each other's neighbourhood. 

So each particle is surrounded by an electrical double layer. Information on the 
institution of this double layer can be obtained in two fundamentally different ways 
One IS by electrophoresis and related phenomena. (See chapter V. p. 194). The other 
IS by consideration of adsorption of ions at the interface, as they are the carriers of the 
double layer charges (chapter IV, p. 115). 

As the counter ions remain always close to the interface, the electrophoretic velo¬ 
city of a particle is not simply proportional to its charge, but it is retained more or less 
by the ions of the double layer. Analysis shows that to a first approximation the electro¬ 
phoretic velocity IS proportional to the T^-potential, this being the potential difference 
over the mobile part of the double layer. (It is assumed that the innermost part of the 
double layer is immovably attached to the particle). 

On the other hand, the potential difference over the whole double layer is, in 
equilibrium cases, equal to the Nefnst (or e —) potential difference between the two 
phases and is thus determined by the activity of the so-called potential-determining ions * 
(Ag for Ag particles, or OH , for oxides and hydroxides and also for noble metals 
(gas electrodes), Ba^ ^ or SOr” for BaS 04 etc.). 

Theoretical investigations lead to the conclusion that there is a far going analogy 
between the structure of the double layer and that of the Debye-Huckel ionic atmos¬ 
pheres. In fact, considerations ® of this kind on the double layer are older than the 
Debye-Huckel theory of strong electrolytes. 

The counter ions are subjected to two influences. In the first place, by their 
irregular BfiOWNian motion they tend to diffuse away from the interface. On the other 
hand they are attracted to the interface by the Coulomb forces. These two opposed 
influences lead to a distribution equilibrium, characterized by a certain mean distance 
between the counter ions and the surface of the particle. This distribution is very sensi- 


' See T. SvEDBERC and K. O. Pedersen, Die Ulirazentri/uge, Leipzig 1940. 

- E. Lange, Handbuch der Experimentalphysik, Xll, 2 (1933), 265, Akadem. VerlagsgcselJschaft, 
Leipzig. 

^ G. Gouv, y. physique, (4) 9 (19J0) 457; Ann. d. phys., (9) 7 (1917) 129; D. L. Chapman, Phil 
Mag., (6) 25 (1913) 475. 
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tive to the concentration and valency of 
the electrolytes present in the intermicellar 
liquid and this explains the pronounced in¬ 
fluence of added electrolytes on the electro¬ 
phoretic velocity. 

Fig. 12 gives a schematic representation 
of the distribution of the electrical poten¬ 
tial in the double layer for two cases with 
the same activity of potential-determining 
ions, but with different concentrations of 
other electrolytes. It is seen that the ^-poten¬ 
tial is much lower for the higher electrolyte 
content. 

Electrophoresis is applied among other 
things in the process of electrodeposition 
(chapter V,§ 10, p. 234), in which colloidal 
particles (often in an organic medium) are 
drawn by an electric field to one of the 
electrodes and, under suitable conditions, 
form a firmly adhering and homogeneous 
deposit on it. 

A property of the electrical double layer which is of very great practical impor¬ 
tance, is the possibility of exchange of ions in the outer layer against other ions present 
in the intermicellar liquid. This process of ion exchange that can be studied in a verv 
pure form in colloids (chapter IV. § 9, p. 175) finds applications on a very large scale in 
nature, in the ionic balance of the soil, and in industry (see chapter IV, § 9 d, p. 183). 



Ok 


Fig. 12. Illustrating the influence of electro¬ 
lytes on the structure of the double layer and 
on the r-potential. 


§ 5. STABILITY OF LYOPHOBIC SOLS ‘ 

a. Lack of stability in the thermodynamic sense 

lyophobic sols may seem to be stable for an indefinite 
ime, they are never really stable in the strict thermodynamic sense of the word The 
large interface, present in these systems, represents a large amount of free energy which 

mur^ T 1 ?'^" (coarsening) tends to reach a lower value and which is only at a mini¬ 
mum when all the sol particles have united to one large crystal or one large liquid mass 
In many experiments this lack of stability, however, does not play a significant role 

nin^malf'phy comparatively soluble (e.g. AgCI). this kind of coarse- 

b* Sedimentation and creaming 

a. .he been, or a. rhe surf.ee of .he sol. These 

VI, va Vltl ■“ ''abor.re ,re.u,„e„. ,bc c,.,.,nc.. 
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dent upon the degree of dispersion and it is just one of the characteristics of the real 
i-olloidal systems, as compared with the coarser suspensions and emulsions, that sedi¬ 
mentation is negligible. A sedimentation velocity of the order of 1 mm in 24 hours is 
usually sufficiently counteracted by accidental thermal convection and may therefore 
be considered negligible. 

Assuming that the particles are spherical and have an excess density of 1 (for emul¬ 
sions it is usually smaller, for metal sols it may be as high as 20), the sedimentation 
velocity is given by Stokes' equation 

_ 4/3 a® • g 

6 7t r, a 

which for water at room temperature (yj = 0.01) leads to a radius of 700 A for a sedimen¬ 
tation velocity of 1 mm/day. 

c. Flocculation. Relation between charge and stability 

The loss of stability by flocculation or coagulation is of a completely different 
character. Here we are dealing with an irreversible sticking together of the colloidal 
particles in the form of loose and irregular clusters, in which the original particles can 
still be recognized; nevertheless it is impossible to disintegrate them to any great extent. 

Flocculation is usually brought about by the addition of electrolytes to a sol. In 
§ 4 c, p. 78, it has been mentioned that the electric properties (charge, electrophoresis) 
of sol particles are strongly dependent upon the electrolyte content of the intermicellar 
liquid, and now we find the same for the stability. It is therefore obvious to look for a 
direct relation between chaigc and stability. 

That such a relation exists has already been stated by Hardy* in 1900 and by 
Burton ® in 1906. Hardy studied the properties of egg-albumin, which had been dena¬ 
tured by heat treatment and had lost its solubility. His systems may thus be truly regar¬ 
ded as hydrophobic colloids. Hardy found that, when the denaturing is carried out 
either in acid or in alkaline solutions, a stable sol results which is positively (acid) or 
negatively (alkaline) charged; but when the denaturing is carried out in or near the 
isoelectric point, where the egg-albumin is uncharged, a mass of floes results. 

Burton compared the influence of aluminium salts on the electrophoresis and on 
the stability of a gold sol. From Table 3 it is clear, that the more highly the sol particles 
are charged, the greater is their stability and especially at zero charge the sol is immedia¬ 
tely transformed into a flocculate. 


TABLE 3 


A1 (I cq 'l 

Electrophoretic velocity in 

Stability 


^ cm/V sec 

0 

3.30 (towards anode) 

Indefinitely stable 

21 

1.71 ( „ ) 

Flocculated after 4 hours 

— 

0 

Flocculates spontaneously 

42 

0.17 (towards cathode) 

Flocculated after 4 hours 

70 

1.35 ( „ ) 

Not yet completely flocculated after 4 days 

* W. D. Hardy, Z. physik. Chem., 33 (1900) 385. 



■ E. F. Burton, Phil. Mag., (6) 11 {1906) 425; 12 (1906) 472; 17 (1909) 583. 



STABILITY OF LYOPHOBIC SOLS 


81 


§ 5 


Investigations by Powis ^ on oil emulsions showed that it is not necessary to 
destroy the charge of the colloidal particles completely in order to obtain a flocculation. 
His experiments seemed to point out that a lowering of the J^-potential to a certain 
critical value {critical potential) resulted in flocculation. 

Later work has thrown doubts on these all too simple interpretations of the relation 
between charge and stability, but nevertheless the general idea, that the stability of 
hydrophobic sols is governed by the charge or more generally, by the electrical double 
layer of the particles, still survives and has lost nothing of its importance in the field of 
hydrophobic colloids. 


c. 1. Flocculation values. Rule of Schulze and Hardy 


The method most generally applied in investigating the influence of electrolytes 
upon the stability is the determination of the flocculation value or flocculation concen¬ 
tration, that is the concentration of electrolyte just sufficient to bring the sol to floccula¬ 
tion. It is striking, that flocculation values can be determined rather sharply. The transi¬ 
tion from the stable to the flocculated condition, although in principle a gradual one, 
occurs'in a small region of electrolyte concentrations. 

As the exact value of the flocculation value is dependent upon details in the perfor¬ 
mance of the experiment, it is customary to normalize circumstances at least in one and 
the same investigation. The specific choice of the circumstances often depends upon 
the properties of the sol. We shall give a few examples. 

A gold sol, which is beautifully red when stable, turns blue at a certain degree of 
flocculation. The usual determination of flocculation values with gold uses this property 
and determines the concentration of electrolyte at which, five minutes after mixing, 
the first hint of blue colour is noticed or the last hint of red colour has disappeared. 

Flocculation values of arsenic trisulphide sols are determined by mixing sol and 
electrolyte, waiting for two hours, agitating the mixture, waiting for another half hour 
and taking as flocculation value that concentration of electrolyte for which the superna¬ 
tant is just clear and colourless. 


As It IS always necessary’to wait for some time before a flocculation experiment can 
be judged, it is hardly possible to carry it out in the form of a titration. The normal 
experimental set-up is making a flocculation series, in which the sol is mixed with electro¬ 
lyte solutions of increasing concentrations in a series of test tubes. After a specified 
time (see above) one judges which tube corresponds most accurately to the flocculation 
conations. If necessary a second and a third series with smaller concentration differen- 
ces between the tubes is employed. 

The most remarkable thing about the flocculation values is that they are strongly 
dependent upon the valency of the electrolyte, more specifically upon the valency of 
the ions that arc charged oppositely to the sol. Moreover, flocculation values are practi¬ 
cally independent of the specific character of the ions and only slightly dependent uoon 
the concentration and even the nature of the sol. 


25 ("gegen" ,ons) the flocculation values range between 

thVordL'^ 

^ jms regularity is known as the rule of Schulze ^ and Hardv^ and is illustrated m 


‘ F. Powis, Z, phystk. Chem., 89 (1915) 186. 
stJ; CAem., (2) 25 (1882) 431; 27 (1883) 320 

W. B. Hardy, Proc. Roy. Soc. London. 66 (1900) 110; Z. phynk.Chem.. 33 (1900) 385, 
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Table 4, whereas larger tables are given in chapter VIII, § 3, p. 307. An influence ot 
electro ytes according to the rule of Schulze and Hardy is not only found in floccula- 
tion values, but also very clearly in electrokinetic phenomena and generally in all pheno- 
niena, where the electrical double layer plays an outstanding role. 


TABLE 4 


FLOCOn^ATION VALUES IN MILLIMOLS PER LITRE 


valency of 

counter ions 

Sol of AsgSy * 

negatively charged 

mono-valent 

' LiCI 

j 58 


Nad 

1 51 


KNO, 

: 50 

4 

di-valent I 

1 

MgCl, 

1 0.72 


MgSO, 

0.81 

1 

1 

ZnCl, 

0.69 

1 

tri-valent i 

AlCl, 

0.093 


l(Al),(SO,), 

0.096 


Ce(NO,), 

0.080 


Sol of Au 2 I SolofFe(OH) 3 ’ 


negatively charged | positively charged 


NaCI 

24 

NaCl 

ABaCl, 

9.25 

9.65 

KNO, 

23 

KNO, 

12 

CaCl, 

0.41 

K,SO, 

0.205 

BaCl, 

1 0.35 

MgSO, 

0.22 

i(Al),(SO,) 3 l 
Ce(NO,), j 

0.009 

0.003 

KjCr.^O^ 

.0.195 


Exceptions to the rule of Schulze and Hardy occur when the counter ions are of a 

L specifically adsorbed (large organic ions) or to react chemically with the ions 

building up the double layer. 

A very good example of this last behaviour is given by the SnO* sol * in which the 
Si ^2 ^^3d been peptized by potassium hydroxide. Whereas the flocculation values of 
different alkali salts are normal, salts or acids that can form insoluble stannates (or SnOj 
Itself), all flocculate at a concentration equivalent to the added KOH, that is to the 
peptizing stannate. 


TABLE 5 


FLOCCULATION VALUE OF SnOj IN MILLI EQUIVALENTS PER LITRE 


molar ratio SnO, KOH 


Na Cl 
Na NO 3 
Na,SO, 

Na H Citrate 


HCl 
Ca Cl, 

Ba Cl, 

Al Cl, 

Al (NO,), 
Ag NO, 


2 

' 10 

i 25 

50 

1 100 

180 

1 170 

• 34 

26 

14 

190 

150 

i 30 

28 

14 

180 

170 

1 32 

28 

14 

230 

200 

j 40 

52 

50 

33 

1 7 

2.5 

1.35 

0.7 

33 

7.5 

2.2 

1.35 

0.7 

35 

6.5 

2.2 

1.30 

0.7 

33 

7 

2.5 

1.35 

0.7 

33 

7.5 

2,4 

1.40 

0.7 


— 

2.5 

1.80 

0.9 


* H. Freundlich, Z. physik. Chem., 44 (1903) 129; 73 (1910) 385. 

2 H. Freundlich and G. Von Elissafoff, Z. physik. Chem.. 79 (1912) 385; H. Morawitz, Kolloid- 
chem. Beihefte, ] (1910) 301. 

^ H. Freundlich, Z. physik. Chem., 44 (1903) 151. 

^ E. Heinz. Thesis, Gottingen 1914; R. Zsigmondy, Z. anorg. Chem., 89 (1914) 210. 
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This equivalent flocculation is also encountered in silver halide sols, peptized by 
halide ions which are flocculated by equivalent amounts of silver ions; or in Fc(OH)j 
sols, peptized with HCl which are flocculated by NaOH. In these last two cases a more 
than equivalent addition of the flocculating electrolyte leads to a second region of 
stability, where the charge of the sol proves to be inverted in sign. 

At still higher electrolyte concentration the second region of stability is closed by 
a new flocculation value. This phenomenon is called an irregular series or double floccula¬ 
tion. It may be graphically represented as in Fig. 13, where the regions of stability and 
the charge of the sol are given in a schematic way in one figure. 



d. Mutual influence of sols 


When two hydrophobic sols of the same charge that do not react chemically with 
each other are mixed, the resulting system is a stable sol containing two different kinds 
of particles. The behaviour of such a system is more or less the average between the 
two original sols. 


If, however, one sol is positively charged and the other negatively, they flocculate 
each other, at least if the mixing proportions are not too extreme. This mutual floccula¬ 
tion is easily understood, as the particles attract each other strongly and form conglo¬ 
merates which have only a very small charge or no charge at all. 


When a hydrophilic sol is added to a hydrophobic one. usually a phenomenon 
called protective action makes its appearance. It is as if the hydrophobic particles are 
surrounded by the hydrophilic ones and thus acquire the Jack of sensitivity against 
electrolytes, which is a typical property of hydrophilic systems. In certain conditions 
very small quantities of hydrophilic sols may make the hydrophobic sols more sensitive 
against flocculation. For details sec Ch. VIII, § 4, p. 317. 


e* Stability of emulsions 

Although the behaviour of dilute emulsions of oil m water is to a great extent 
similar to that of other hydrophobic sols and some of the more important early experi- 
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merits on hydrophobic colloids have been carried out with emulsions •, the more con¬ 
centrated emulsions seem to be dependent partly upon other mechanisms for their 
stability, and their flocculation does not simply follow the rules of Schulze and Hardy. 
These concentrated emulsions can only be prepared in the presence of emulsifiers 
which may be of two different types. An emulsifier is either a soap or soaplike substance 
which evidently is adsorbed at the interface between the two liquids and so protects the 
small drops, which have been formed by shaking or other agitation, against coalescence. 
Or an emulsifier may have the character of a finely divided solid, which, owing to its wet¬ 
ting properties, is preferentially adsorbed at the interface. Depending again on the 
more hydrophobic or hydrophilic character of this solid, the emulsion formed may be 
an emulsion of water droplets in oil or of oil droplets in water. 

Flocculation of these emulsions often depends more on interaction of the floccula¬ 
ting agent with the emulsifier than on simple ionic effects. See Ch. VIII, § 12, p. 338. 


f. Stability of lyophobic sols in apolar media 

In the foregoing subsections the attention has been almost exclusively directed to sols 
in aqueous media. In non-aqueous but still polar media like acetone, alcohols and the like, 
the behaviour resembles that of aquosols very much, although there may be a rather large 
shift in the flocculation concentrations. Usually these arc much lower than those in water. 

In completely apolar media like benzene or paraffins, however, the picture changes 
fundamentally. Here ionization of electrolyte is hardly possible and a stability connected 
with the adsorption of (charged) ions seems to be out of the question. Nevertheless, in 
such media stable sols exist. We have already drawn attention to some metal sols pre¬ 
pared by SvEDBERG (§ 1, p. 61). Moreover, most paints and varnishes belong to this 
category and also many emulsions of water in oil. 

In these media one certainly can distinguish stable and flocculated systems, but 
the actual mechanism of stabilization and of flocculation is still far from clear. It seems 
that systems consisting of particles and a single component oil phase are never stable. 
Addition of a more or less polar component in small quantities is necessary to obtain 
stability. This added component (the "stabilizer’') is adsorbed at the interphase and 
stabilization and adsorption run parallel *. 

Various detergents may act as stabilizers, e.g. oleic acid, fatty acids and their heavy 
metal salts, long chain sulphates and sulphonates, derivatives of polyethylene oxide etc. 

The addition of a third phase, e.g. water, decreases the stability because the free 
surface energy between the oil phase and the water can be greatly diminished by coagu¬ 
lation (see Ch. IX, § 5, p. 357). 

A survey on the various aspects of the dispersion of pigments in oils is given by 
Fisher and Cans* and by Appel 


» R. Ellis, Z. physik. Chem., 78 (1911) 321; 80 (1912) 597; 89 (1915) 145; F. Powis, Z. physik. 
CAem., 89 (1915) 91. 

•See e.g. D. Harxins and D. M. Cans. 7. Phys. Chem., 36 (1932) 86.; P. KHOMiKOsnicu and 
P. Rehbindeb, C. R. del' Ac. des Sc. de VU.R.S.S.. 18 (1938) 575; V. R. Damerell and A. Urbanic, 
J. Phys. Chem., 48 (1944) 125. 

“ W. D. Harkins and D. M. Cans, U.; H. R. Kbuyt and F. G. Van Selms, Rec. irav. chim., 62 
(1943)407,415. 

■* E. K. Fisher and D. M. Gans, Dispersions of finely divided solids in liquid media, in Jerome 

Alexander, Colloid chemistry, theoretical and applied VI, New York, 1946, 286_327. 

* F. Appel, Peiniures, pigments et vernis, 22 (1946) 277, 318, 387. 
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g. Mechanical properties of lyophobic systems 

g. 1. Cel formation 

In most cases hydrophobic sols are NEWTONian liquids, with a viscosity only 
slightly deviating from that of the dispersion medium. In the flocculated state more or 
less clear indications of non-NEWTONian behaviour, especially the presence of a yield 
value, may be detected. This is most evident for sols containing blade-shaped or rod¬ 
shaped particles like iron oxide or vanadium pentoxide. When these sols are not too 
dilute and electrolyte is added to them in quantities insufficient to obtain flocculation, 
gel formation is often observed. The whole mass becomes solid, probably because by 
partial flocculation the particles of the sol form a loose network, in the meshes of which 
the intermicellar liquid is retained. 

These gels may be liquefied again by simple mechanical agitation, and when left to 
themselves they return to the gelatinous state after shorter or longer standing. Evidently, 
the network is easily destroyed, but reforms itself on standing. This phenomenon is 
called thixotropy ‘ or isothermal sol-gel transformation. 

When subjected to shear, these thixotropic systems show a definite yield value (see 
chapter I, § 4, p. 21), but once this yield value is overcome, they flow as easily as the 
intermicellar liquid. 

g. 2. Dilatancy 

The inverse phenomenon, low resistance at low shearing stresses, but high resis¬ 
tance at high shear, which is called dilatancy, is shown by very concentrated stable 
suspensions •. In these suspensions there is no permanent contact between the particles, 
and consequently they can easily make the motions necessary to obey small shearing 
stresses. If, however, the motion tends to become more rapid, the very high concentra¬ 
tion {e.g. 50‘'o by volume) of these systems makes it impossible for the particles to 
retain a close packing. But a less dense packing can only be obtained by sucking liquid 
into the mass of particles, and the extra energy required for this process strongly 
reduces the mobility of the system. Moreover, when the dense suspension is not sub¬ 
merged in a large mass of liquid, so that no extra liquid is available to enter between the 
particles, any quick motion draws the liquid away from the surface of the system and 
leaves many capillaries between the particles half filled, thus creating a large capillary 
pressure which counteracts the motion. 

g. 3. Sedimentation volume 

The above-mentioned phenomena, especially the flow character of a sediment, 
may be used to distinguish between "flocculated” and "stable” suspensions, in cases 
where the particles are so large that they sediment very quickly and thus make a normal 
determination of flocculation impossible. 

' See H. Freundlich, Thixotropy, Paris 1935. 

The name thixotropy was proposed by Piterfi, Arch. j. Etiuicklunssmech. d. OrgaTusm.. 112 
(1927) 689. 

*E. J. W. VtRWEY and J. H. De Boer. Bee. irav. chm.. 57 (1938) 383; H. FhEUNDUicu .and 
H. L. Roder, Trans. Faraday Soc., 34 (1938) 308. 

H. L. Roder, Thesis, Utrecht 1939; H. R. Kruyt and F. G. Van Seeks. Rec. trav ch\m 62 
(1943)407,415. 
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f sedimentation volume, which is 

d?nsL, suspension (the particles roll over one another until the 

tire noslr^r^”® ^ flocculated one (the particles remain in 

the position, in which they were when they touched for the first time). 


§ 6. THEORETICAL CONSIDERATIONS ON STABILITY AND 

FLOCCULATION 

TJe large interfacial free energy is a cause of the instability of all lyophobic sys¬ 
tems, but the rate at which equilibrium is approached may be so extremely small, that it 
can be neglected m many cases. 

If we do so and see therefore the colloidal particles as constant data in our problem, 
we remark that evidently a number of colloidal particles embedded in a liquid, may 
occur m two different states: the stable state, in which the particles are more or less 
evenly distributed and the flocculated one in which the particles form large and diffi¬ 
cultly reversible clusters. Evidently in the flocculated state the particles attract each 
other, and in the stable state there is a repulsion between them. 


a. Repulsion 

From the data cited in § 5 c, p. 80 it is clear that the repulsion is related to the 
charge of the particles as manifested in electrophoresis. This charge arises from the 
adsorption of ions (or electrons) and it is obvious to assume that the peptizing ions 
( ^ 1, p. 60) which appear to be indispensable for stability, are the carriers of the charge. 
Peptizing ions always show a close relation to the material of the particles, they "fit into 
Its lattice" and it is just this fitting into the lattice which makes these ions the potential- 
determining ions ( § 4 c, p. 78), which determine the potential difference over the electri¬ 
cal double layer in accordance with the Nernst equation. 

In the case of silver bromide in contact with an aqueous solution, the Nebnst 
equation is 




AgBr 


'^H.O = + 


Jn a 


Ag 







Thus with excess silver ions in the solution the silver bromide is positively charged 
and with excess bromine ions it is negatively charged. Somewhere between (not 
necessarily at the point of equivalence. See chapter IV, § 6, p. 159) the silver bromide 
IS uncharged; the concentrations of Ag+ or Br" ions for which this is the case are 
called the zero point of charge. 

The existence of a zero point of charge explains the possibility of reversal of charge 
and the phenomenon of the irregular series (§ 5 c, p. 83). 

Nevertheless we know that not only the peptizing electrolytes, but all other elec¬ 
trolytes as well influence the stability of a colloidal solution. The question is, how can 
they influence the repulsion between particles when the potential difference between 
the two phases is fixed by the presence of potential-determining ions. We have mentio- 
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ncd in § 4 c that the extension of the electrical double layer is very much dependent 
upon the electrolyte content of the solution. By addition of electrolytes, the double 
layer is compressed and as the double layer screens the field of the particle charge, a 
compression means that the repulsion between two particles is only active'at shorter 
distances. 

Generally speaking, one can say that the repulsion between two particles is greater, 
the greater the potential between particle and solution, and that it reaches further the 
more dilute the solution. 

As sols are coagulated by finite (and even rather small) amounts of electrolyte, 
there is certainly a repulsion left at the flocculation value, although it may not reach 
further than e.g. 10 or 20 A (see chapters IV and VI). 

Flocculation can consequently only be understood if the range of the attractive 
force is also at least of this order of magnitude. 

b. Attraction 

As floccubtion is a generally occurring process, it is necessary to look for a very 
general type of force to explain the attraction. 

Kallmann and Willstatter ^ were the first to draw attention to the possibility 
that the London-Van Der Waals — forces could be responsible for attraction. Ordina¬ 
rily these forces are thought to have only a very short range e.g. of 1 A. It can however 
be easily shown that the range of these LoNDON-forces between larger particles is of the 
order of the particle radius. Thus we have here a force, uniting the three requirements 
following from experimental data, viz., it is not very specific, its range may be of the 
order of 10 or 100 A and it is always attractive. It must be left to a closer investigation 
to see whether its quantitative properties are of the right order of magnitude. (For more 
details see chapter VI, § 9, p. 264 and chapter VIII, § 3, p. 306). 

c. Potential curves 

Hamaker * has introduced a very useful method of getting a survey of the interac¬ 
tion between sol particles and thus of obtaining an impression on the stability of the 
corresponding sol. This method consists of drawing potential curves, representing the 
potential energy as a function of the distance between two colloidal particles. 

The repulsion will then be given by a curve as represented in Fig. 14 and the 
attraction by one as represented in Fig. 15. The combination of the two curves may in 
principle lead to different kinds of curves, from which a few examples are sketched in 
Figs. 16 and 17. For stability of a sol it will be necessary that a maximum of sufficient 
height (> kT) exists in the potential curve (e.g. Fig. 17. curves 1, 2, 3 and 4). 

The further working out of these curves will be given in chapter VI and we shall 
see tl^re that the curves represented in Fig. 17 correspond to the actual situation. 

The flocculation by addition of electrolyte is now explained by the shorter ranee 
of the repulsion curve, which depresses the maximum, till at the flocculation value it is 
too small to prevent coagulation. 


'! S' Willstatter. Die Naturwissenscha/ten, 20 (1932) 952 

H. C. Hamaker. Rec. irav. chim., 55 (1936) 1015; 56 (1937) 3. 727. 



£fttrgy 



emiil3nr^ suspensions in apolar media and probably 

mulsions of water in typical apolar oils, where the above given explanation of the repuU 




Fir. 14 17. Examples of poteniial curves representing the energy of interaction between colloidal 

particles. 
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sion is hardly tenable, because in the nearly complete absence of ionization a double 
layer of sufficient strength cannot be present. 

As one must assume that attraction in these cases is not much lower than in 
aqueous media, and stable systems may exist, another cause for the repulsion must be 
present. Because this kind of suspension is only stable if certain, usually long chain, 
compounds like soaps, phosphatides, polyethylene oxide derivatives are present at the 
interface, the repulsion must somehow be connected with these adsorbed layers. This 
repulsion might well be of an cntropic instead of an energetic nature ^ but little 
theoretical work on these systems has as yet been published. 


» M. VAN DER Waarden, J. CoUoid Set. 5-(1950) 317; 6 (1951) 443. 
E. L. Mackor, /. Colloid Sci., 6 (1951) 492. 



III. OPTICAL PROPERTIES OF COLLOIDAL SOLUTIONS 

G. H. JONKER 
Eindhoven, Netherlands 


§ 1. INTRODUCTION 

The investigation of the size and shape of the particles in colloidal solutions has 
been greatly advanced by optical methods of investigation especially. The dimensions 
are too small for a microscopic investigation. It is only through their scattering power 
for light that one can observe their presence. 

In ultramicroscopic observation one makes use of the light scattering of the 
separate particles. For this purjxise the particles are illuminated from the side and one 
observes a spot of light m the microscope. One first obtains an idea of the dimensions 
not by the shape or the size but by the intensity of this spot of light. The ultramicro¬ 
scope is indeed principally used to study the number or the motion of the particles. 

The measurement of the light scattered by a collection of colloidal particles is 
employed much more extensively. This light scattering, the Tyndall effectis the 
cause of the usually cloudy external appearance of colloidal solutions. If the particles 
are small a solution frequently looks clear but if one passes an intense beam of light 
through the solution and one observes the latter from the side against a dark back¬ 
ground, one clearly sees the weak shine of the scattered light. On careful investigation 
it has been found that even gases and pure liquids show this phenomenon to a slight 
extent. Also the blue colour of the sky and of the oceans is included among these 
phenomena. Lord Rayleigh - was the first to give an explanation of the blue colour of 
the sky, a theory which was also valid for colloidal solutions of non-absorbent particles 
which are small compared with the wavelength of the light. The light scattered by these 
also has a blue tint when the incident light is white. 

The theory of Rayleigh gave, however, no explanation for the colours of metallic 
colloids. 

A general theory of the light scattering of absorbent and non-absorbent spherical 
particles has been given by Mie * which he himself applied to gold sols. 

Many workers have been able to explain specific properties of all kinds of colloids 
with this theory as a basis. However there always remained a group of colloids for which 
this theory was inadequate. This is the group of the colloids with anisotropic particles. 
The light scattering in this case is more complicated. The basis of the theory for these 
particles has been given by Cans ■*. With these theories as starting point one can obtain 
at present a fairly good idea of the size and the shape of colloidal particles by the meas- 


' J. Tyndall, Proc. Roy. Soc. London. A 17 (1868) 223. 

^ Lopd Rayleich, Phil. Mag., 41 (1871) 107. 274, 447; 44 (1897) 28; 47 (1899) 375. 
‘ G. Mie, Ann. Phyiik, (4) 25 (1908) 377. 

■ R. Cans, Ann. Physik. (4) 62 (1920) 331. 
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urement of the angular dependence of the light scattering, the total light absorption and 
the degree of polarization of the scaitered light. 

The applicability of these theories, which have the light scattering of the separate 
particles as starting point, is, however restricted to particles the physical properties of 
which can be clearly distinguished from those of the medium in which they occur. 
This holds therefore for gases the polarizability of the molecules of which is known and 
for those colloids of which the particles can be considered as dense and rigid bodies, 
which are distinguished from the medium by their optical constants. 

For liquids, however, another description of the light scattering is possible, namely 
as a result of the fluctuations of density resulting from the thermal motion. A change 
of refractive index is associated with these fluctuations. (Von Smoluchowski ' and 
Einstein*). For solutions there is in addition the fluctuation of the concentration. For 
macromolecular solutions this latter, the concentration fluctuation, is to be considered 
as the major cause of the light scattering. Debye’ has made use of this to indicate how 
one can determine the molecular weight of macromolecular substances from the light 
scattering. 

Although this theory seems quite different from that of Rayleigh, they are in fact 
identical and to be considered as equivalent descriptions of one phenomenon. 

Finally a separate treatment is required for the double refraction of light in those 
colloids in which an orientation of anisotropic particles occurs through mechanical 
strain, streaming, an electric or a magnetic field. By this orientation a colloid can obtain 
the optical properties of a uni- or biaxial anisotropic medium. 


§2. SCATTERING OF LIGHT 
a. The Tyndall effect 

If one passes a beam of light through an aerosol or through a colloidal solution, 
one sees that a part of the light is scattered sideways. This phenomenon therefore resem¬ 
bles fluorescence. That one is not dealing with fluorescence in this case is seen, how¬ 
ever, in the fact that the wavelength of the scattered light is always tlie same as th.at of 
the incident light. In addition the scattered light is partially polarized in most direc¬ 
tions, even when the incident light is unpolarized. 

If the particles of the colloid are small and exhibit no absorption of their own tlien 
the following features may be observed: 

(a) The intensity of the scattered light is greatest in the direction parallel to that of 
the incident beam, both in the positive and in the negative sense, and weakest in 
the direction perpendicular to this. There is a gradual change of the intensity in 
intermediate directions. 

(b) In the direction which makes an angle <! 90 with the incident beam tlie light 

is totally polarized, and indeed has its electric vector perpendicular to the plane con¬ 
taining the direction of the incident beam and that of the scattered liglit. 

' M. Von Smoluchowski, Ann. Phyiik, (4) 25 (1908) 205. 

* A. Einstein. Ann. Phyuk, (4) 33 (1910) 1275. 

■* P. Debye, y. App. Phys., 17 (1946) 392. 
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(c) The degree of polarization decreases gradually to zero as 0 varies from 90“ to 0° 
and from 90“ to 180“. 

(d) The intensity of the scattered light increases appreciably as the wavelength of the 
light decreases. If therefore the incident beam consists of white light the shorter 
wavelengths predominate in the scattered light, as a result of which this has a blue 
colour. The transmitted beam shows the complementary yellowish colour. 

The property (d) is the most evident. One observes this in the blue colour of the 
sky, the sea, tobacco smoke, diluted milk and in the yellow to orange colour of the rising 
and the setting sun and moon. 


b. The two versions of the theory 

The theory of the connection between particle size and light scattering has been 
developed along two lines which find their application in different domains of colloid 
chemistry. 

The starting point is the same in the two cases. In a perfectly homogeneous me¬ 
dium the light is not scattered. With the passage of a light wave all the particles of the 
medium undergo a polarization alternating with the frequency of the light. As a result 
dipoles are produced with an alternating moment which again radiate light but through 
interference of the radiation from all the dipoles the result is that the light is propagated 
in the original direction with undiminished intensity (principle of Huygens). If however 
the refractive index is changed locally by a disturbance, a dipole moment of a different 
size is induced at th.s place and its radiation does not quite fit in with that from the rest 
of the medium. 

The result is that the extra dipole moment, which can be positive or negative, 
emits a radiation which is not compensated and which we observe as scattered light. 
It is indifferent in what manner this disturbance is established. It can be by the pre¬ 
sence of foreign particles with a greater or smaller polarizability than the medium, or by 
density fluctuations which are the consequence of pressure or concentration changes 
resulting from the thermal motion of the molecules. 

The first version of the theory is concerned with the light scattering of the 
separate particles. This theory finds its application in those cases in which one knows 
the polarizability of the particles, for example, in the form of the polarizability of gas 
molecules, or in the form of the refractive index of colloidal particles of a dense and 
rigid structure. The result of this theory is however restricted to so small concentrations 
that the radiation from the different particles can be considered as independent. 

If however the distance between the particles is so small that a mutual influence 
occurs between the moments excited in them, it is better to go over to the second ver¬ 
sion of the theory, which is in addition applied to those cases in which one does not 
know the polarizability of the separate particles, as in liquids and solutions of micro- 
molecules and macromolecules. In this second theory the local fluctuations in optical 
density as a result of pressure and concentration oscillations are taken as the starting 
point for the calculation. Since here in the case of solutions one uses the average refrac¬ 
tive index of medium and dissolved particles, the interaction on short distance of the 
particlts is automatically taken into account. Consequently this theory is more general. 
For very dilute solutions it goes over, however, into the first theory as regards fluctua- 
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lions of the concentration. In a dilute solution in which the particles are far removed 
from each other, a “fluctuation” is caused by the presence of a particle in a particular 
volume element. 


c. The theory of Rayleigh 

Rayleigh has developed this theory for the light scattering of non-absorbent 
spherical particles with a volume V, the dimensions of which are small compared 
with the wavelength of the light. In this case one can in fact assume for simplicity that 
the particle is always situated in a homogeneous field due to the electric vector of the 
incident light. The magnitude of the field strength oscillates with the frequency v of the 
light and the average magnitude Eo of it is related to the intensity lo of the light accor¬ 
ding to the formula: 



in which q, represents the velocity of propagation of the light in vacuum and Eq the 
dielectric constant of the medium. If the dielectric constant e i of the sphere differs 
from that of the medium a polarization is produced in the electric field and corresponds 
to an extra moment, 

f= A . V E 

of a dipole at the position of the sphere. If we replace So by no* and Si by n,S the 
corresponding squares of the refractive indices, we have 



f polarized light is used, the axis of the dipole is parallel to the electric vector 
o the light. Such a dipole, the moment of which varies with a frequency »’ is the source 
o a new radiation, the intensity of which is according to the formula of Poynting 



^ _ f* sin* 9 n„ 

*'* 4rt Co * R* 

In this 9 is the angle between the direction of the radiation and the axis of the dipole, 
and R is the distance of the observer to the dipole. 

complete calculation furnishes the following expression for the intensity: 



9 sin* 9 I n — n,* 

R0.4 —2m*' ^ 



which ). n ■ wavelength of the light in the medium. 

symmetrical with respect to the axis of the dipole, maximum in 
perpendicular to this axis and zero in the direction of the axis (Fig. 1). 
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Further this radiation is completely linear polarized with the electric vector in the plane 
through the axis of the dipole and the direction of the radiation. 





If the incident light is unpo¬ 
larized, one can think of the inci¬ 
dent light for the calculation of the 
intensity of the scattered light as 
being first split up into two linear 
polarized components with an 
angle of 90° between the electric 
vectors.The radiation figure is now 
the sum of the two radiation figures 
of the separate components which 
are rotated 90° with respect to one 
another. The new radiation figure 
(Fig. 2) is symmetrical about the 
direction of the incident light. The 
intensity of the scattered light at 
a distance R from the sphere in a 
direction which makes an angle 0 
with the direction of propagation is: 


^ _ 9r.Ml + cos*0) /n.*-n,*|* „ 


( 2 ) 


The factor 2 in the numerator is ne¬ 
cessary because the two polarized com¬ 
ponents of the incident light each have 
half the intensity of I^ 

The scattered light is in general par¬ 
tially polarized. In the factor 1 -f cos* 0 
the term 1 gives the magnitude of the 
component the polarization direction of 
which is perpendicular to the plane of 
observation, that is the plane through the 
incident and the scattered ray and the 
term cos* 0 the magnitude of the term 
the polarization direction of which lies 
in the plane of observation. 



Fig. 2. Radiation figure of natural incident light, 
symmetric round the x-axis, the direction of the 
incident beam. The hatched part represents the 
intensity of the polarized part of the scattered light. 


A . - - --- 

In the direction of the incident ray the scattered light is therefore unpolarized and 
in the direction perpendicular to it completely polarized. Further the light intensity in 
the forward directions is as great as in the backward directions. 

The total intensity of the light scattered by a sphere, thus also the decrease in inten¬ 
sity of the incident light is found by integration of formula (2) over the space and for 
both polarized and for natural light is: 

24 n-,*-n.® i* 

3) 


R 


= ~ / \ 


V* I. 


> W. S. Stiles. Phil. Mag., 7 (1929) 204; D. Sinclair,/. Optical Soc. Am., 37 (1947) 475. 
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Since in this theory the spheres arc considered so far apart that they do not influence 
each other in their electric fields, the light scattering of 1 cm® in which there arc N, 
spheres is 

Rni = Ni R, 


With the aid of this we calculate the extinction coefficient h from Lambert's law 
I = lo e'**' (1 is the length of the light path through the solution) of a solution in which 
there are N, particles per cm*. This is 



24 n* 

X* 




All kinds of small changes arc still possible in this formula. N,V represents the volume 
concentration of the spheres. If ? is the specific gravity of the spheres, c the weight 
concentration in gram/cm* and m the mass of a sphere, we can replace NjV* by cv}? 
or by cm/c*. 

In the case that a sphere represents one molecule, we also have, if M is the mole¬ 
cular weight and N\v the Avogadro number: 


N.V* = 


Nav p* 

Finally a simplification is still possible in the foregoing formulae if n, and n differ 


only a little. Then ( 


n, - — n ^ 
n,* — 2m 


can be replaced by 


4 / n 1 —n. 


n 


d- Theory of the fluctuations 

As mentioned in § 2b light scattering can be caused by fluctuations in density or 
concentration as a result of the thermal motion of the molecules. 

In view of the fact that the light scattering resulting from density variations is 
much smaller in the case of macromolccular solutions than that resulting from concen¬ 
tration variations we shall leave the former out of consideration here. 

The derivation of the formula for the light scattering consists of two parts: 

the calculation of the magnitude of the fluctuations and their influence on the 
refractive index. 

the application of Rayleigh’s theory of light scattering to these fluctuations. 

The chance of a fluctuation of the concentration of a solution is determined by the 
S'wna! ^ consequence of it and is thus propor- 

As IS discuss^ in Vol. II. Chap. V, §9, p. 147. the change A G is to be considered 
as an osmotic work necessary to change the concentration c by A c in a volume v, thus 


U) 

(b) 


• 


G = 


2 c 


dtr 

dc 


i:.cy 


solution. The mean value of the concen- 
tration variations, which occur in the solution, are given by 


(-1C)-* 


kTc 

V d TT ./dc 
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With a change of A c in the concentration is associated a change of the refractive 
index n„ by an amount A « given by 


and hence 


A n = A c dn/dc 


(An)* = 


dn \* k T c 
dc / V d Tt/dc 


If now we apply the light scattering formula 3, p. 94, of Rayleigh to the small 
volume V, remembering that A n is small compared with n^ and thus n,* — n^* = 
2 Hj, A n, we find “ 



32 IT* 
3>.'» 




If we replace (A n)* in this by the value (A n)*, n^x by Xvac, k by R/Nav and sum 

also over a volume of 1 cm®, we find the formula for the total radiation arising from 
1 cm* of solution: 


32 Tt* n,* R T c (dn/dc)* 
3 XS.„ Nav ■ dTT / dc 


It is customary to introduce a quantity 



pj _ 32 TT* n^* (dn/dc)* 

3 X\., Nav 

in which the experimentally determined value of n^ and of dn/dc has been inserted, as 
a result of which the formula for the extinction coefficient becomes 


h = 


HRTc 


d TT/ d C 

The osmotic pressure of macromolccular solutions can in general be represented by 

RT 


(7) 


TT = 


M 


c + Be* + 


(Vol. II Ch. V, § 3 p. 134) so that 

He 1, 2B , 
h “ M 



An extrapolation of the curve of Hc/h against c to the concentration c = 0 thus 
furnishes the reciprocal of the required molecular weight M. 

A similar formula can also be deduced directly from Rayleigh’s formula. According to Wiener 
the me.m refractive index of a medium with refractive index n,,, in which there is a small volume frac¬ 
tion Cv ^ c. p of spheres with a refractive index n, and a specific gravity p, can be calculated from 



1 -h 3 


"i — Op* 
ni* -h 2n* 
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With the aid of this expression we can change formula (4) p. 95, into 

8n» (n,* —n.*)* 


h = 


3 Nav 


M 


or 


h = 


32 Tt* n. * c / dn \ * 


3 Nav 1 dc 


M 


(6a) 


If we also insert the quantity H in here with the same significance as above, we obtain the formula 


h= HcM 


(8a) 


which would also follow from the fluctuation theory for ideal solutions. 

This deduction is essentially very round about because the i»larizability of spheres is first intro¬ 
duced into the Rayleigh formula and is afterwards removed again by means of Wiener's formula. 

This deduction can therefore belter be carried out directly *, by applying the light scattering for¬ 
mula generally to particles with an extra polarizability a and calculating also the mean refractive index 
with this a. The light scattering constant is then h = 128 .-i^ N,ri*/3 A*v«c and for the mean refractive 
index n we have 


n« — 1 
4.T 





The combination of these two formulae furnish again formula (6a). In this deduction no account 
is taken of optical or mechanical interaction between the particles. It is therefore here also necessary 
to extrapolate the results of the measurements to the concentration c « 0. 


The light scattering of macromolecular solutions is usually so small that one cannot 
measure the coefficient h directly. One measures the intensity of the scattered light in 
a certain direction and calculates h from this. At the same time one can measure the 
state of polarization of the scattered light. According to the derivation followed so far 
the scattered light ought to be completely polarized for 9 = 90°. This is not the case 
in reality, since the fluctuations also cause a certain anisotropy. With the aid of the 
degree of depolarization pu (see § 2 g equation 12 ) a correction can be applied to the 

measured intensity with a factorv-— 

l + 7p„/6 


e. Extension of the theory to larger and absorbing spheres 

The derivations of § 2 c were made with the assumption that only the induced 
electric dipole furnishes a contribution to the radiation. This is correct for a sphere with 
a radius smaller than 0 05 >. For larger particles one must take into account the electric 
moments of higher order and also induced magnetic moments. The theory has been 
extended in this manner by Mie while he also took into account the absorption of light 
by the particles. He showed that for spheres up to approximately the magnitude of >. 
It IS sufficient to deal with the induced electric dipole and quadrupole and the magnetic 
dipole. The formulae for the scattered light with the direction of vibration perpendi¬ 
cular and parallel to the plane of observation become respectively: 




8 -* [ 2 




and 12 


X* 

8^* R* 


-- cos 0 


a* cos 0 — 



Pi 

2 



* P. Debye, J. Phys. dc Colloid Chem., 51 (1947) 18. 
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in which a„ aj and p, represent complex functions of « = 2 rr r/X and the comolcx 
refractive index m=n (1-ik) where i = and k is the absorption coefficient. Mie calcu¬ 
lated the functions inside the \ | for gold sols using as the optical constants the macro- 
scopically measured values. Since the terms, which contain the complex refractive index, 
are strongly dependent on the wavelength of the light as a result of the absorption of 
the light the intensity of the scattered light is no longer proportional to X «.The propor¬ 
tionality to the particle size V at a constant total colloid concentration also disappears. 
A maximum scattering occurs at a particle size between >/« and ‘/, x. Also other discrep¬ 
ancies such as the asymmetry of the radiation figure as a consequence of stronger 
forward scattering and the change of the degree of polarization of the scattered light 
were explained by Mie’s extension of the theory. 

The colour of metallic sols is caused by 

(1) true selective absorption, also called consumptive absorption, in which a part of 
the light is lost as heat. 

(2) apparent or conservative absorption in which a part of the light is lost by scattering. 
Finely dispersed gold sols show a strong true absorption with a sharp maximum 

m the green yellow and scatter light but slightly. The bright red colour is mainly caused 
by the true absorption (Fig. 3). Coarser gold sols have a small true absorption and a 



Fig. 3a. Total absorption of a red goldsol, prepared by reduction of a AuClj solution with hydrazine 
Gold concentration 2.0 mg Au pro ccm. Mean value of particle size 360 A’ (taken from Steubinc) 

Strong radiation with a maximum in the orange. These sols are blue and show a strong 
Tyndall effect. The macroscopically observed Tyndall light gives an incorrect im¬ 
pression of the radiation since this is secondarily subject to absorption again. The true 
colour of the radiation can only be seen by ultramicroscopic observation of separate 
particles in a very dilute sol. 
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A large number of investigations on the red gold sols is known The whole course 
both of the radiation and of the total absorption agrees very well with Mie’s calcula¬ 
tions for the finest sols. There is indeed some dependence on the method of preparation. 
It is particularly the sols of equal particle size prepared by Zsigmondy’s nucleus method 
which give good results (Ch. II § 2c). As the particles grow one sees the colour slowly 
change from bright red, via violet to blue, while a brown turbidity is produced by the 
steadily increasing Tyndall light. 

In addition to metallic sols the theory has also been tested on sols of non-metals. 
The theory has been worked out by Casperson ® for colourless mastic sols. The meas¬ 
urements of Teorell® and Gribnau* agree well with this as regards the high dispersed 
sols. The coarser ones do not agree so well on accounuof the fact that the particles of 
these sols are of unequal sizes. 

GribnaU has tested the theory for three cases: a metal sol (gold), a sol of a 
semiconductor (selenium) and a sol of nonconducting material (mastic). In all three 
the theory was well satisfied, in so far as the sol could be considered monodispersed. 

The optical constants of the substances investigated always constituted an uncer¬ 
tainty in the calculations Gribnau has attempted vice versa to calculate the optical 
constants from the measured light scattering. His results agreed in a satisfactory way 
with, among others, values determined by means of reflection measurements. 


TABLE 1 

Gribnau Other measurements 


gold 

m == 0-44 —i312 

m " 0-41 — i 3 -54 Hagen and 

Rubens ® 

selenium 

m = 2 -88 — iO 051 | 

m 2 -90 — i 0 T3 Foersterling * 

1 mastic I m = 1 -55 ] 

m 1-56 macroscopic, Gribnau 


gold sols: W.STEUBisc./tfin. Physik.26 (1908) 329; F. B. Gribnau,/ fo//oid-Z., 82 
(1938) 15; B. Lance, Z. phystk. Chem., 132 (1928) 1; A. T. Williams,/, chim. phys., 29 (1932) 117 
*T. CkSPZfisoN, KoUoid-Z., 60 (1932) 151; 65 (1933) 162. 

*T. TtoPZLt. Kotloid-Z.. 53 (1930) 322. 

* F. B. Gribnau, KoUotd-Z.. 77 (1936) 289; 82 (1938) 15. 

® E. Hacen and H. Rubens, Ann. Phyuk, 8 (1902) 432. 

• K. Foersteblinc and V. Freeoericksz, Ann. Physik, 43 (1914) 1227. 
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The theory has been developed by Blumer * for still larger spheres. 

He showed that with increasing r and m a steadily more violent angular depen¬ 
dence must be expected, as a result of which a sol must show different colours depen¬ 
dent on the direction in which it is observed. That these colours have not been observed 
until recently must be explained by the fact that the sols investigated were never suffi¬ 
ciently monodispersed. In recent years La Mer and his collaborators * have succeeded 
in obtaining isodispersed sulphur sols shov/ing fine higher order Tyndall spectra. To 
obtain sulphur sols they started from approximately 10'* molar Na^SjOa solutions to 
which sulphuric acid was added. From these solutions the sulphur separated slowly in 
liquid spherical particles and the initially formed particles slowly swell. The conse¬ 
quence of the maxima and minima in the intensity of the scattered light at various 
angles is that the sols show red and green coloured bands to an observer in various 
directions, the so-called higher order Tyndall scattering spectra which appear in a 
continually greater number of bands during the growth of the particles (Fig. 4). By 
stopping the reaction at various times they obtained monodispersed sols with a particle 
size varying from 0 • 20 to 0 • 65 p. 

With these large values of r it 
was necessary to insert into Mie's 
formula still further terms an and 
pn which are related to higher elec¬ 
tric and magnetic multipoles. To 
carry out the calculations tables are 
now available ® in which thetotal 
scattering and the angular depen¬ 
dence of the scattering are given 
as functions of a and m. In them 
is given not the usual light scat¬ 
tering coefficient per particle 

K = (from formula 3 § 2c) 

•*o 

but the dimensionless quantity 
Ki = Kjr.T^, the scattering area 
coefficient. From this calculation 
it follows that by the introduction 
of higher terms a„ and po the ra¬ 
diation maxima of EU.um£R arc 
provided with a fine structure. 

From the experimental radiation 
figures of La Mer it appears that 
even these tables do not yet go far 

enough since the sulphur sols furnish a still more oscillatory structure. This is at the 

‘ H. Blumer, 2. Physik, 32 (1925) 119; 38 (1926) 304, 920; 39 (1926) 195. 

® V. K. La Mer and M. D. Barnes./. CoUoid Sci., 1 (1946) 71, 79; I. Johnson and V. K. La Mer, 
/. Am. Chem. Soc., 69 (1947) 1184; M. D. Barnes, A. S. Kenyon, E. M. Zaiser, and V. K. La Mer, 
J. Colloid Sci., 2 (1947) 349; A. S. Kenyon and V. K. La Mer./. Colloid ScL. 4 (1949) 163; V. K. La 
Mer, E. C. Y. Inn, and I. B. Wilson, /. Colloid Sci.. 5 (1950) 471. 

^ A. N. Lowan, Tables of scattering functions for spherical parricfej. Applied Mathematical Series 4, 
Nat. Bureau of Standards, U.S.A. 



Fig. 4. Radiation figure of a spherical particle with 

A 

a » —“ 6 and — 1.44. calculated with 

A n 

the formula of Mie (taken from Jomnso.v and La Mer.) 
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same time a proof of the strict monodispersity of these sols. On mixing two sols the 
particles of which only differ by 2 % in size, the colour effect had already disappeared. 
Of the various methods of determining the particle size: 

( 1 ) observation of the transmitted light as a function of wavelength. 

( 2 ) intensity of the scattered light at a given wavelength. 

(3) colour of the scattered light. 

(4) polarization of the scattered light. 

we will only mention the first method in more detail because it has the advantage of 
being also applicable to the determination of the average particle size in polydispersed 
systems. 

By definition we have I = e“*'' 

or In (I 5 /I) = hi = TT r* N K.l 
or In In (lo/I) = In K, -j- In yrr* N1 

Further we have In « = In (l/> ) t In 2 n r. If one plots the theoretical value of 
In K. graphically against Inx and also the experimental value of In In (lo/I) against 
In ('/>), then these must be identical curves which are displaced with respect to each 
other by an amount In 2 n r along the abscissae and by In “ r* N1 along the ordinate. One 
therefore finds r and N from the values of these displacements. 

For this method the values of K. and the extinction given in Figs. 5, 6 a and 6 b 
can be used. 



welt, (uken from Bai<n£s La Mlr) 




Fig. 6b 


Fig. 6a and b. Experimental results of extinction measurements on monodispersed sulphur sols of in* 
creasing particle size numbered consecutively 76, 75, 74, 73, 72, 71, 68, 70. The plotting incremsnts 

(P.I.) used to displace the lines conveniently arc given in the hgures. 

(taken from Barnes and La Mer). 

Fig. 5 shows the theoretical value of K, as a function of a for sulphur sols, in which 
the relative refractive index of sulphur with respect to water is taken as n = 1- 50. Figs. 6a 
and 6b show the experimentally observed values of the total light scattering as a function 
of the wavelength of the light in water for a number of sulphur sols of various particle 
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Fig. 7. Combination of theoretical and experimental curves of hg. 5 and 6. The dotted line gives log Kt 
vs log alf, the solid lines log [log (lo/ i)] vs log ‘ The experimental lines have been shifted along 

the log *>>.-axis so that the minima ^re superposed. 

(taken from Barnes and La Mer). 


sizes. Of these the sols, the light scattering of which is reproduced in fig. 6b, also exhibit 
higher order Tyndall spectra. For the sake of clarity the curves are displaced in the 
figures over a small distance in the vertical direction. The plotting increments (P.I.) 
are indicated in the figures. The application of the method described above is given in 
Fig. 7. The experimental curves have been displaced laterally so that the scattering 
minima are superposed. The resulting values of r and n are shown in the following table: 


table 2 


Sol No. 

Age 

1 

Typtdall spec¬ 
trum (orders) 

Particles 

/cm^ 

r in 

72 

4 hrs 42 min 

1 

5 1 

1 

1 610* 

1 

0-40 

71 

7 hrs 46 min 

6 1 

1 

1 l-7-l0‘ 

1 i 

0-42 

68 

15 hrs 54 min 

1 

7 

1 -6 10» 

0 -53 

70 

22 hrs 41 min 

i ^ 

10 10* 

0-64 


Initially the number of particles does not change. Only growth from the solution 
tak^s place. In the long run a part of the sol precipitates as a result of which the number 
of particles decreases. 
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Thanks to these investigations of La Mer and his co-workers and the tables of 
Lowan, the dete^ination of the particle size of Teorell ^ with the aid of the disper- 
sivity quotient (D.Q.) also offers further possibilities. Teorell among other things deter¬ 
mined the ratio of the extinction values at two wavelengths for mastic sols. For sols 
Wit small particles this ratio DQ = hi/h 2 = for larger particles the value 


f. Further extension of the theory for non-spherical particles 

It has been found that taking into account higher terms of the electric and mag¬ 
netic induction in the particles by the light waves cannot yet explain all the light scat¬ 
tering phenomena. It is particularly with metallic sols that strongly discrepant colours 

sometimes occur, even if the particle size is small. Thus there exist high dispersed blue 
gold sols *. 

The explanation of these phenomena has been given by Cans ®. They are seen to 
be the result of the non-sphericity of the particles. Cans calculated the polarizability of 
arbitrarily oriented ellipsoids of revolution. Many particle shapes, for example, rods 
and plates, can be described approximately in this way. His result was that deviation 
from the spherical shape has a great influence on the radiation and on the degree of 
polarization of the radiation. With a gold sol a small deviation from the spherical 
shape is already sufficient to displace the absorption maximum towards longer wave¬ 
lengths as a result of which the blue colour is produced. With the aid of his theory he 
could show that the particles of the red gold sols are almost spherical. The axial ratio 
is greater than 0 -9 and the degree of polarization of the sideways scattered light 99%. 
If however the gold particles have an elongated or a flattened ellipsoidal shape the 
colour even of sols with small gold particles deviates considerably. Cans also found 
elongated particles in a silver sol. 

Anisotropy of the optical properties of the particles has a similar influence as 
shape anisotropy. 

g. The degree of polarization of the scattered light 

The investigation of the particle shape has been taken in hand especially by 
Krishnan ^ and other Indian workers ^ with the aid of measurements of the degree of 
depolarization of the scattered light which is not only important for a knowledge of 
colloidal particles but also molecular aggregates and density fluctuations. For the sake 
of clarity some definitions according IoKrishnaK will first be given (Fig. 8). The light 
falls on the particles parallel to the horizontal x axis. The observation of the scattered 
light takes place along the also horizontal y axis. The z direction is taken as vertical. 
The incident light can be natural light or linear polarized with the electric vector 
parallel to the z axis or to the y axis. From vertically polarized incident light, partially 

' T. Teorell, Knlloid-Z-, 54 (1931) 58. 

- W. Steubinc, Ann. Physik, 26 (1908) 329. 

* R. Cans, Ann. Physik, 37 (1912) 881; 47 (1915) 270; 62 (1920) 33; 76 (1935) 29. 

^ R. S. Krishnan, Proc. Indian Acad. Sci.. A 1 (1935) 717, 782; 5 (1937) 94. 305, 407; 7 (1938) 
21, 91, 98: 10 (1939) 395. 

i D. S, SUBBAPAMAYA, Ptoc. Indian Acad. Sci., A 1 (1935) 709; I. Papthasabathy, Phil. Mag., (7) 29 
(1940) 148; Proc. Indian Acad. Set., A 2 (1935) 358; Dardara Sinch, Proc. Indian Acad. Sci., A 12 
(1940)481. 
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Fig. 8. Definition of the depolarization coefficients according to Krishnan. 


polarized light can be emitted along the y axis. We call the intensity of the component 
with the electric vector parallel to the z axis Vv, that of the component parallel to the 
X axis Hv. In the same way we call the vertical component of the light scattered along 
the y axis resulting from the horizontally polarized incident light Vh and the horizontal 
component of it Hh. 

The degree of depolarization ? can be defined in various ways. Here we shall follow 
Krishnan's notation and by f understand the ratio between the weak and the strong 
component of the scattered light. Thus we define for vertically polarized incident light: 


Pv 

for horizontally polarized incident light: 


Ph 


for natural incident light: 


Pu 



4 

Since one can regard natural light as composed of equal vertical and horizontal com¬ 
ponents. 

For an ideal colloid we have according to Rayleigh Hv = 0, Hi, = 0, so that we 
then have also pu = 0 and Pv — 0 while ?i, -■ 0/0, in this case 0 because on deviation 
from the spherical shape Hi, appears sooner than Vh. 

Krishnan discovered that in general Vi. = Hv and called this relationship the 
reciprocity theorem of the depolarization. According to him the reciprocity theorem is a 
natural consequence of the reversibility, but on closer consideration this is not so 
natural since in Hv the light direction is perpendicular to the direction of vibration of 
the incident light and in Vi. (as indeed also in Hi,) the light direction is parallel to the 
direction of vibration of the incident light. As a result of this Hx and Vi, are not equi¬ 
valent. Cans * believed that this objection could be supported from his calculations 
but Mueller* succeeded in deducing from the theory of Cans that we have in fact 

Hv — Vh. 


‘ R. Cans, Phyuk Z.. 38 (1937) 625. 

H. Mueller. Proc. Roy. Soc. London. 166 (1938) 425. 
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H. Iv arbitrary ellipsoids we have in addition that 
h h or -I. — 1, as IS usually found in molecular scattering. With the aid of these 

h^rp whde"fo?" ^" = '* + ^ general tda^bn' 

snip, while for molecular scattering we usually have, on account of ?h = I: 

2 pv 

= nr7v (13) 

with number of meas.urements by Krishnan confirmed this relation and there- 

na^ide! frn!?7h^ ^ theorem. One can deduce qualitatively the size and shape of the 
mrtirlp^ a values of and ph. If Pu deviates from 0 this means that the 

Trhpn th geometrically or optically anisotropic. If?,, deviates from 

then they are^largr geometrically or optically anisotropic. If ph deviates from 1 

The dispersion of the ?’s can also be used for further study (Krishnan) K 
tplhirl^^ experiments of Krihsnan with gold, silver, platinum, copper, selenium and 
followm^ table striking examples of the results obtainable, as given in the 

TABLE 3 


Colloid, preparation, 
colour. 


Gold 

H.O, reduction 
red 


Silver 

formaldehyde reduction 
yellow 


Platinum 

formaldehyde reduction 
brown 


Copper 

electrical disintegration 
brown 


Selenium 

hydrazine reduction 
yellow red 


Tellurium 
hydrazine reduction 
blue 


Wavelength 

Pu 

0 

1 Pv 

1 "v 

1 

! p» 

«» 

u 

1 

I 

^ Extinction 
coefficient 

I 

3 4 

1 -6 

, 86 

i 0-65 

II 

4 8 

2-4 

98 

' 0-40 

III 

16 0 

1 9-0 

100 * 

1 

1 0 125 

I 

1 

1 2-5 

1 _ 


\ 0-11 

II 

22 -8 

1 13-2 

100 

I 0-60 

III 

9-6 

.4-9 

80 

0-045 

I 

4-9 

1 -0 

31 

1 -8 

II 

4-0 

1 -0 

36 

1 0-53 

III 

3-0 

j 


0-24 

I 

2-1 

1 

♦ 

1 0-80 

II 

1 -5 

0-5 

50 

0.25 

in 

1 -76 


1 

0.07 

I ' 

1 

71 -4 

0-9 

i 0 6 

1 -23 

II 1 

29-0 

0-6 

i 2-5 

1 47 

III 

1 

3-8 

0-25 

1 13-0 

1 ! 

0-275 

I 

96-5 

4-0 

4-2 

1 -7 

II 

22 0 

2 0 

10 

0-43 

III 

6 -4 

0-8 

22 

0-16 


I 300o!\'^ir45M‘A''l'lI 67 oO a' a number of colloids at three wavelengths: 


' R. S. Krishnan, Kolloid-Z-, 84 (1938) 2 
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It can be seen from this table that the gold and silver particles are very small 
(Ph = 1) and deviate somewhat from the spherical shape (?„ and moderate). On 
comparison with calculations by Cans’ theory the particles agree best with elongated 
ellipsoids with an axial ratio of about 0 *75. Platinum and copper sols have symmetrical 
particles (pu and pv very small) of large dimensions (?h moderate). Selenium and 
tellurium have symmetrical particles (pv small) of moderate dimensions (:„ decreases 
from X = 3000 to X = 6500 while ph however, rises). The particles of the selenium 
sol were approximately 150 nv in size whereby the factor 2 tt r/X under which the 
particle size occurs in the radiation formule, was > 1 for short wavelengths and < 1 
for long wavelengths. 


h. Restricted applicability of the theory in practical measurements 


As a result of the mutual influence of the particles and of secondary scattering the 
intensity arid the degree of polarization of the scattered light deviates considerably from 
the theoretical values in the case of concentrated sols. To measure the correct values 
one must therefore always dilute the sols very considerably. 

This is also the reason for the fact that the Lambert-Beer law is only valid for 
dilute sols. 

Again in view of the continually increasing forward directed scattering with 
increasing particle size it is necessary to carry out the absorption measurements with a 
very narrow parallel beam of light and to receive the latter on a small diaphram which 
is situated as far as possible from the cell with the sol, in order also to shield off the light 
scattered through small angles as much as possible. If these precautions are taken the 
Lambert-Beer law is found to hold well'. 

As a rule one tries in extinction or scattering measurements to be within the vali¬ 
dity of Rayleigh’s formulae. This is possible as long as one is dealing with fine or 
weakly coloured sols of spherical or almost spherical particles. As soon however as one 
deviates from these, difficulties immediately appear. This is particularly the case in 
investigations on the kinetics of flocculation in which one is dealing with fairly loose 
^ggregates of primary particles. If now the radiation from one primary particle is k IV j*. 
(k = proportionality factor, I -- the intensity of the incident light and V, = volume 
of one particle), then that of two separate primary particles is 2 k I V,^ If together they 
form a new spherical particle the radiation of it is 4 k I V,-. If however they form an 
aggregate, the radiation from it will have a value between those of the two previous 
cases (Ch. VII, § 8 p. 296). The problem becomes more complicated if the aggregate is 
composed of many particles and thus can have a loose or a compact structure. One 
then expects the strongest radiation from the compact aggregate. 

The light scattering of loose aggregates is also smaller than that of compact objects 
ecause interference can occur between the radiation produced by tlie constituents, 
(bee Vol. II, Ch. V, § 9, p. 148). Through this effect the maximum extinction whicli is 
attained by a flocculating sol is also smaller m proportion as the floes have a looser struc- 
^re. Troelstra * has applied this argument to extinction measurements on flocculating 
Agl sols, whereby he showed, in contrast to Hoffmann and Wannow \ that floes, 


w D I: Teorell, Kollo,d-Z., 53 (1930) 322; D. Lance. Kolh,d-Z.. 59 (1932) 162; F. R. Grihnau 
«• K. Kruyt. and L. S. Ornstein, Kollo,d-Z., 75 (1936) 262. 

^ b. A. Troelstra and H. R. Kruyt, Kollotd BeiheUe, 54 (1943) 225. 

K. Hoffmann and H. A. Wannow, Kollo,d-Z.. 83 (1938) 258. 
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which are produced by the addition of KNO3, are more compact than those produced 
by the addition of Ba(NOj )2 or A](NOj) 3 . 

It is also possible to distinguish recrystallization clearly from flocculation, because 
in the former the extinction reaches a much higher value (JoNKER’Ch. VIII, § lib,p. 337). 

§ 3. INFLUENCE OF ORIENTATION OF THE PARTICLES ON THE 
OPTICAL PROPERTIES OF COLLOIDAL SOLUTIONS 

a. General Part 

Colloidal solutions arc in general optically isotropic. Even if the particles are 
anisotropic in shape or in physical properties, this is not evident on account of the ran¬ 
dom distribution of the directions of the axes. If however an orientation of anisotropic 
particles is brought about by some kind of field, the solution also becomes anisotropic 
as. a whole, as appears for example from the optical double refraction. The first theory 
on this kind of double refraction was given by Wiener ^ for plate- and rod-like particles. 

The cause of the orientation can be an electric or a magnetic field, flow or an acoustic 
field. One speaks of electric (Kerr effect), magnetic (Cotton-Mouton effect), stream¬ 
ing (Maxwell effect) and acoustic double refraction. The measurement of the 
double refraction is generally done in a direction perpendicular to the principal optical 
axis (or axes). If one passes linear polarized light through the solution then the velocity 
of propagation of the components of it is c/n i and c/n^, where c is the velocity of propaga¬ 
tion in vacuo and n, and n^ the refractive indices for light polarized parallel and perpen¬ 
dicular to the principal axis. 

A phase difference equal to 

A == (n, — n^) 

is produced between these components over a length of-the light path 1, and can be 
measured with the aid of a compensator. Peterlin and Stuart * have provided a detailed 
theory of the orientation of ellipsoids of revolution in all kinds of fields and of the 
influence of this orientation on the double refraction and the viscosity. One must take 
into account both in the orientation and in the double refraction the position of the 
principal axes of the physical properties which need not coincide with the axes of the 
ellipsoids. In general these axes will in fact coincide and in this case a calculation is 
possible. Peterlin and Stuart confined themselves to particles which are small, com¬ 
pared with the wavelength of the light, so that the same simplification can be made as 
in the theory of Cans, namely that only the induced electric dipole is taken into account. 
One can tlien calculate the polarization as if the particles were placed in a homogeneous 
field of oscillating strength. Since however the relative changes of the double refraction 
are determined only by the degree of orientation the results are also applicable to larger 
particles. 


* G. H. JoNKEB, Thesis, Utrecht 1943. 

* O. Wiener Abhandl. math. phys. Klasse Sachs. Akad. Wiss. Leipzig, 32 (1912) 507; Kolloidchem. 
Beihefle. 23 (1927) 189. 

•' A. Peterlin and H. A. Stuart, Z. Physik, 112 (1939) 1 ,112. In extenso inHand- vnd/ahrbuch 
der Chemischen Physik, Bd. 8, Abschnitt 1 B. 
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They calculated the contribution of a randomly oriented particle to the polariza¬ 
tion in three directions of a rectangular coordinate system and summed these for all 
particles with the polarization of the medium according to the expression: 


n,* — 1 
“ 4 ^ ' 


1 

4 n 


N 

£ aj 
I 


(9a) 


(i = 1, 2 or 3) 

If the particles are oriented by an external field this furnishes 2 or 3 different values of n. 


b. Streaming double refraction 

In a coarse suspension of plate-like particles (PbL, graphite, aluminium) one can 
distinguish the separate particles by reflections of the incident light. In all attitudes they 
slowly sink downwards. If one stirs the suspension, the latter takes on a silky sheen. On 
closer examination it is observed that on account of the flow the particles are oriented 
parallel in large regions and thereby reflect the light in the same direction. This orien¬ 
tation is such that the plates lie parallel to the direction of flow. It is surprising to 
obseiwe this same effect in sols with very small particles, which are only ultramicro- 
scopically visible. These are also obviously oriented and the light scattering in this case 
is also so asymmetrical that a large number of parallel directed particles collectively 
emit a strong Tyndall radiation in certain directions and a very weak radiation or none 
at all in other directions. It appears that it is favourable for light scattering if the 
light is so incident that the electric vector coincides with the largest dimension of the 
particles. A strong radiation takes place then perpendicular to this direction 

The simplest way to observe this phenomenon is to make the sol flow through a 
tube the cross section of which is a rectangle with a very short and a long side. The flow 
in this is such that the velocity is everywhere the same in planes parallel to the broad 
side surface, while the gradient is directed perpendicular to this plane. Needleshaped 
particles are oriented along the direction of the length of the tube, plate-like ones in the 
Other hand parallel to the broad side surfaces. 

Dieselhorst and Freundlich * could distinguish, sols of plate-like particles from 
a sol of rod-like particles because the influence of the flow is greater on the Tyndall 
effect of the rod-like particles. Plates have in fact two large dimensions so that roughly 
speaking in a stationary sol 2/3 of the total particles already take up a favourable posi¬ 
tion with respect to the electric vector of the incident light, while this is the case with 
only 1/3 of the rod-like particles. After streaming orientation all the particles have a 
tavourable position so that the increase is the greater for rod-like particles. Thus they 
showed the presence of: (1) approximately spherical particles in sols of gold (red). 
Sliver, platinum, arsenic tnsulphide, (2) plate-like particles in sols of iron oxide, gold 
(blue), (3) rod-like particles in sols of vanadium pentoxide, benzopurpunn and aniline 
blue. For quantitative investigations another property which is the consequence of the 
orientation, namely the double refraction, proves more appropriate. By the approxi¬ 
mate parallel orientation of the particles the isotropy of the solution is lost. A doubly 
retracting liquid is produced, one optical axis of which coincides with the orientation 


* H. SiEDENTOPF. Z. wiss. Mikroskop., 29 (1912) 1. 

H. Dieselhorst and H. pBEurfOLiCH, Physiik. Z., 17 (1916) 117. 



110 


OPTICAL PROPERTIES OF COLLOIDAL SOLUTIONS 


III 


direction of the particles with the other perpendicular to it. The orientation of anisodi- 
mensional particles with a refractive index which deviates from that of the liquid is 
already sufficient. The colloidal particles can however be already doubly refractive 
themselves. In this case the double refraction is composed oforientation and intrinsic 
double refraction. In the third place there exists the possibility of deformation of the 
particles whereby a further reason for intrinsic double refraction occurs. In this chapter 
we shall however only consider rigid particles. The deformation makes its appearance 
in hydrophilic colloids. 

For quantitative measurements an apparatus is used which resembles the Couette 
viscosimeter. It consists of two coaxial cylinders inside one another the outer or the 
inner of which can rotate, so that in the liquid between the cylinders a laminar flow is 
produced for a not too great velocity of the rotating cylinder. 

In order to obtain a constant gradient of the flow velocity the space between the 
cylinders is chosen very small compared with the radius of the cylinders. The gradient 
of-velocity is then 

W tj 

q =- 

Tu- Ti 

where o = angular velocity, r, and tu — radius of inner and outer cylinder resp. 
Throughout the whole liquid there exists a constant sheer stress q t) (tj = viscosity). 

A parallel beam of linear polarized monochromatic light is passed through windows 
inserted in the bottom and in the lid of the apparatus. The light is observed through an 
analyser, set perpendicular to the polarizer. By rotating both nicols together in the 
crossed position one can determine the position of the principal optical axis and the 
orientation direction of the particles which coincides therewith. In this position the 
linear polarized light is no longer split up so that the analyser allows no light to pass 
through. In the second place the difference in the refractive index of the two compo¬ 
nents can be measured. For this purpose the polaruer is set in the 45° position with 
respect to the principal optical axis so that the incident light is split into two components 
of equal intensity. From the phase difference of the issuing components 

A = (ni —nj) 

v»c 

measured with the aid of a compensator, one usually calculates the specific double 
refraction 

M= n. — 

n„ c q >5 n^c q •/) 1 

therefore per unit concentration c and sheer stress q> 5 , while in addition one divides by 
no the refractive index of the medium, although it is more appropriate to multiply by no 


fJ N 

in order to calculate — JIa 
9a (p. 109). * 1 



as can be derived from 


formula 


In investigations with the aid of this set-up it was immediately found that the 
orientation is not as simple as Freundlich and Dieselhorst originally believed *. With 


Literature in H. Freundlich, Kapillarchemie II, Leipzig 1932, p. 4. 
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small particles and low flow velocity a slight orientation takes place, not however in the 
direction of flow but in a direction which makes an angle of 45® with it. In streaming 
double refraction in pure liquids this angle is always 45°, in colloids it decreases as the 
velocity gradient or the particle size increases. The reason for this is that two preferred 
directions for the particles exist. A couple acts on the particles which causes a precession 
and the magnitude of wh-ch varies with the orientation of the particles. The magnitude 
reaches a minimum when the largest dimension of the particles coincides with the flow 
direction and the smallest dimension is directed perpendicular to it. In this position 
the motion is the slowest so that the particles stay longer in this position than in other 



Fig. 9. Undisiorted relative velocities of a 
liquid with a uniform shearing motion with 
respect to the centre of a particle. 



Fig. 10. Dilatory part of a uniform shearing 
motion parallel to the x axis, relative to the 
surface of a spherical particle. 


® preferred direction. According to Peterlin and Stuart 
the diffusion from this preferred direction due to BROWNian rotation is the cause of a 
changed orientation. This orientation diffusion takes place both with and against the 
precessional motion. Consequently the position with the smallest precessional velocity 
therefore of the new preferred orientation, is displaced through a certain angle with 
respect to the flow direction against the precessional motion. It depends on the ratio 
between^the velocity gradient and the rotation diffusion constant how large this devia¬ 
tion 'fs J 450 *”^°^' ^°'^«ver, gives no explanation of the fact that the limit of the devia- 

By the relative motion of the liquid with respect to the particles a pressure is 
exerted on the particles in directions which make an angle of 0 to 90 and 180 ’ to 270 

donVfPh direction of precession and a tension m the other direc¬ 

tions (t.h. IX, J 2a, p. 342). The maximum pressure occurs in the case of uniform rota- 

tion at angles of45 and 225 . the maximum tension at angles of 135 and 315 . Spheric.il 
deformable particles are hereby elongated in the 135 and315 direction and compressed 

perpendicular to this This then causes a double refraction m particles isotropic at rest 
For elongated particles the 135 and 315 direction forms a preferred direction for th ■ 
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orientation For small particles and low flow velocity gradient this second tendency to 
orientation predominates, for large particles and large flow velocity gradient the first 
tendency to orientation. 

The measurement of the streaming double refraction has been extensively applied 
to the investigation of macromolecular solutions. As an example of this we .shall take 
the investigation of Buchheim and Philippoff * of a nitrocellulose solution in cyclo¬ 
hexanone for \^hich the dependence of A and orientation angle z on the velocity drop 
q is reproduced in Fig. 11. Reference may also be made to Vol. 11, Ch. V, § 7, p. 142. 

It is noteworthy that for rot too 
great flow gradient, the degree of orienta¬ 
tion and herewith the double refraction 
increases proportionally to the velocity 
gradient, without the change in orienta¬ 
tion angle becoming apparent in this. 

This proportionality does not hold for 
high values of the velocity gradient since 
saturation must finally occur when all 
the particles are oriented parallel. 

The double refraction of a streaming 
sol is often likened to that of an optically 
uniaxial crystal. For streaming through a 
round tube there does indeed exist a sym¬ 
metry with respect to the axis of the 
tube, but this symmetry is not present 
in each con stituent part of the sol be¬ 
cause the preferred orientation does not 
coincide with the direction of flow and 
because the velocity gradient in the li¬ 
quid varies from the axis to the wall of the tube. If the velocity gradient is constant, 
as in a Couette apparatus, we are dealing with a biaxial double refraction since a 
rhombic symmetry holds in each portion of the liquid. In view of the fact that strea¬ 
ming sols are however almost always observed in one of the principal optical directions 
this question is less important. 

As a rule the suspended particles in a sol are unequal in size. Only with some virus 
and other protein solutions does one encounter fairly homodispersed suspensions of 
rigid rod-like or spherical molecules. The results of the measurements on these sub¬ 
stances agree very well with the theory. It could be determined with the aid of the 
electron microscope that the particles of the mosaic virus of tobacco have a length of 
3000 A and a thickness of 152 A. On account of the great length of the molecules satura¬ 
tion soon occurs 



Fig. 11. Dependence of the double refraction . . 
and the orientation angle x oo the velocity gra¬ 
dient q for a nitrocellulose solution in cyclohexa- 
non (taken from Buchheim and Philippoff). 


^ C. V. Raman and K. S. Krishnan, Phil. Mag., (7) 5 (1928) 769; P. Debye, J. Chem. Phys., 14 
(1946) 636. 

* W. Buchheim and W. Philippoff, Naturwissenschaften, 26 (1938) 694. 

3 M. A. Lauffer and W. M. Stanley, y.flio/. Chem., 123 (1938) 507; G. A. Kausche, H. Gugges- 
bebg, and A. Wissler, Naturwissenschaften, 27 (1939) 303; R. Signer, T. Caspersson, and E. Ham- 
marsten. Nature, 141 (1938) 122; G. A. IG^usche, E. Pfankuch, and H. Rusea, Naturwissenschaften, 
27 (1939) 292. 
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The phenomenon becomes more complicated if deformation also occurs as well 
as orientation. The theory has been developed so far under the assumption that the 
particles do not influence each other thus for dilute sols. That this is not quite correct 
appears from the fact that the specific double refraction still shows a dependence on 
the concentration. In Chapter IX, § 5d, p. 363 on thixotropy it will be seen that it is 
just in sols with anisodimensional particles that a special tendency to orientation occurs. 
This cooperates with the flow orientation so that the effect is strengthened. 

ZocHER ' discovered dichroism as well as double refraction in VjOs caused by a 
difference in absorption coefficient of the particles for light polarized parallel or perpen¬ 
dicular to their length. 


c. Electric and magnetic double refraction 

In a colloidal solution of anisotropic particles an electric or a magnetic field can 
also cause orientation and thereby double refraction. In this case the particles are orien¬ 
ted by the field with their longest axis parallel or perpendicular to the field direction 
while the BROWNian movement again disturbs this orientation. There is thus produced 
a Boltzmann distribution symmetrical about one axis whereby the colloid behaves in 
this case as a uniaxial doubly refractive body. 

The degree of orientation is for small field strengths proportional to the square 
of the field strength since both the dipole moment induced in the particles and the 
orientation of these dipoles are proportional to the field strength. 

At high field strengths saturation occurs as all the particles have been oriented 
parallel. 

The double refraction is again the product of two factors. 

(1) The orientation factor which is the consequence of the anisotropy of the particles. 

This can be an intrinsic anisotropy (electric or magnetic) or a shape anisotropy. 

(2) The optical factor, which is itself again composed of the intrinsic and the shape 

anisotropy. 

It can be understood that it is a great simplification for the development of the 
theory that the axes of the intrinsic anisotropy as a rule coincide with those of the shape 
anisotropy. The experimental set-up is simpler than with streaming double refraction 
since the orientation is produced in this case by bringing the solution into an electric 
or a magnetic field. 

One again measures the phase difference A = ("j —n,) l/>.o of the two components 
of the linear polarized light after it has passed through the solution and calculates the 
specific constants. The Kerr constant (electric double refraction) is 

j ^2 • ^ ^0 

cn; E^ iTn^E^ 

The Cotton-Mouton constant (magnetic double refraction) is 

C = ^ ^ A ^'o 

c n, “ 1 c n, 


112a924f277“'9t^^^'‘ 293; 37 (1925) 336; A. Szecvabi.Z. 




114 


OPTICAL PROPERTIES OF COLLOIDAL SOLUTIONS 


III 


The two effects are also known in pure liquids (for example nitrobenzene) but the 
constants are very much greater with colloids. 

The Kerr effect in particular offers the possibility of studying the double refraction 
in an alternating field in such a range of frequencies that a strong dispersion of the 
effect occurs. At low frequencies the particles can follow the field in their orientation 
but not however at high frequencies on account of the inertia of the motion. One thus 
expects a fairly constant value of the double refraction in the region of low frequencies, 
followed by ane or more considerable drops at higher frequencies dependent on the 
nature of the anisotropy of the particles. From this one can calculate the rotation diffu¬ 
sion constant which is of interest for the streaming double refraction. The electric 
double layer of the particles can produce a complication. This is distorted in the electric 
field and hereby has an influence on the motion of the particles and on the magnitude 
of the double refraction. Again the distortion of the double layer has a certain relaxation 
time, so that this can also exhibit a dispersion. Errera, Overbeek and Sack ‘ found 
this complication with V-Oj sols and Mueller and Saxmann and Norton with ben¬ 
tonite sols*. 


d. Conclusion 

The individual measurement of one type of double refraction docs not furnish 
sufficient data to enable one to calculate the properties of the particles. A combination 
of various types with the results of light scattering, viscosity or sedimentation however 
furnishes sufficient data. 

Thus Donnet and his co-workers * from a combination of measurements of double 
refraction, sedimentation and viscosity on VjOj sols were able to calculate that in their 
case the dimensions of the rods were 1600 A and 50 A while measurements with the aid 
of the electron microscope gave 1500 A and 75 A. 

‘ J. Errcra, J. Tn. G. Overbeek, and H. Sack,/, thim. phys., 32 (1935) 681. 

= H. MurcLEP, Phyi. Rev.. 55 (1939) 508, 792; H. Mueller and B. W. Sakmann, Phys. Rev., 
56 (1939) 615; F. ). Norton, Phys. Rev.. 55 (1939) 668. 

' J. B. Donnet, H. Zbinuen, H. Benoit, M. Daune, N. Dubois, J. Pouyet, G. Scheiblinc, and 
C. Vallrt, j. chim. phys., 47 (1950) 52. 



IV. ELECTROCHEMISTRY OF THE DOUBLE LAYER ‘ 


J. Th. G. Overbeek 

Van’t Hoff Laboratory, University of Utrecht 


§ 1. PROPERTIES OF THE DOUBLE LAYER THAT ARE OF INTEREST 

TO COLLOID SCIENCE 

In chapter II it has been shown that the double layer is responsible for the stability 
of lyophobic colloids and governs the electrokinetic properties. In order to understand 
the electrokinetic properties, we shall have to know more or less explicitly the structure 
of the double layer, that is the location (or mean location) of the charge carriers building 
up the double layer and the distribution of charge and potential. The stability, on the 
other hand, asks for a comprehension of the forces, which arise when two or more 
double layers interact or, what comes to the same thing, of the free energy of a system 
of double layers. 

As the properties of colloidal systems are very sensitive to additions of electrolytes, 
it will be necessary to investigate the influence of these additions on the double layer. 

We shall see then, that many seemingly simple concepts like the charge and the 
potential of the double layer are in reality much more intricate and can only be defined 
with a certain approximation. 

The double layer itself seems a well defined concept, but as it can only exist in 
conjunction with two phases with a certain extension, the free energy of tlie double 
layer has to be defined as a part of the free energy of that whole system of two phases, 
and it is not selfcvident which part. 

On the electrical side the charges arc rather easy to visualize, but the p 9 tential 
again leads to difficulties because of the changing composition in the double layer. It 
is even impossible to estimate the potential difference between tw'o different phases in 
a strict thermodynamic sense, although a calculation based on model considerations 
may be useful. 

We shall therefore start with the classical result of thermodynamics and gradually 
build up our picture by paying attention to potentials and charges, relate their distribu¬ 
tion in space to more or less elaborate models, and then check our picture on the experi¬ 
mental data that are available. 

In this chapter IV we restrict the treatment to single double layers in equilibrium, 
postponing electrokinetics to chapter V and inier.uiion of double layers to chapter VI. 


' The conients of (his ch.ipier h.wc been cxiensivcly disrusscJ beiwccei (he .uithor nid G 
JONXER, s. A. Troelstha. Jiid E. J. W. Vepwey oI P/n/i/.j- 7 ?.I atonnorwi. Emdhovcii. 


H. 
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§ 2. THERMODYNAMICS OF ADSORPTION 

Consider two phases with a plane contact interface of A cm*. The whole system 
consists of n, molecules of kind 1, molecules of kind 2 etc., but it is impossible to 
state exactly how many molecules of each kind belong to phase (1), how many to 
phase (2) and how many, if any, to the surface. 


a. Surface tension and surface free energy 

The interface is a seat of Gibbs free energy, G,, which we shall define as the work 
necessary to enlarge the interface reversibly by 1 cm* at constant temperature and pres¬ 
sure and at constant amount of matter in the system. 



T, fl I •• ,4 TJi* 4 44 


When the two phases are liquid or one liquid and one gas, the surface free energy 
can be measured directly and is numerically equal to the surface tension, y. 

b. Adsorption 

In general one or more of the components of the system will be accumulated at the 
interface or, on the contrary, occur at the interface in smaller concentration than in the 
rest of the system. In extreme cases the concept of adsorption is rather simple. In the 
adsorption of a dye from a solution on a fabric the amount adsorbed is defined and may 
be measured as the amount of solute withdrawn from the solution by the adsorbent. In 
less extreme cases the definition of adsorption is a matter of careful consideration and 
as we shall see also of a certain arbitrariness. Consider a two phase system consisting of 
ether, water and a solute, soluble in both phases. Is there now adsorption of the solute 
at the interface? And perhaps of ether and water too? 

Gibbs *, the founder of the theories of adsorption, considering this difficulty, saw 
that adsorption can only be defined relative to one of the components of the system 
which is considered to be not adsorbed. In detail this idea can be developed in different 
ways * which, however, differ more from a didactic than from an essential point of view. 

Applying this idea to the case just mentioned of ether (E), water {W) and a solute 
{S), we may analyse both phases and determine the concentrations of E, W and S in 
the two phases. Assuming now that the whole system can be described as two homo¬ 
geneous phases of masses A/(‘) and Af(*) and a surface layer of mass A^(’) the constancy 
of E, W and S in the whole system leads to three equations 

-I- C£'2> 4- CeW = Me 1 

-h Mw ) (2) 

Af'*> H- H- = Ms ) 


* See The Scientific Papers of J. Willard Gibbs, VoI I, London 1906, p. 219ff. 

* See E. A. Gugcenheim and N. K. Adam. Proc. Roy. Soc. London, A 139 (1933) 218; J. E. Ver- 
scHAFFEtT, Bull, classe sci Acad. roy. Bslg., (4) 22 (1936) 373, 390, 402; E. A. Guggenheim, 7*rans. 
Faraday Soc., 36 (1940) 397. 
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In these three equations there arc six unknowns, viz., M(*)» M(*), M(*) and the 
three surface concentrations. Assuming now — and this is an arbitrary choice — that 
neither ether nor water are adsorbed so that Cff’) = Cir(’) = 0, the equations may 
be solved for the product M(*)Cs (*)» which means, that the total mass of the solute in 
the interface may be calculated. Generally when n components are present, the surface 
excesses of n-2 components can be calculated. Usually this surface excess is divided 
by the macroscopic area of the surface leading to the specific surface excess /'. 


Usually the choice of the components for which zero adsorption is assumed is not difficult. One 
takes the major components of the two phases. But when at least one of the two phases is a concen¬ 
trated solution, the arbitrariness of this assumption is clearly felt. 


There is a close relationship between the surface excesses Fi and the free energy 
of the surface G,. An obvious way to arrive at this relation is to start from the differential 
of the Gibbs free energy of the whole system 

dG — — 5 dr 4- V dp G, dA -I- S Pf dn< (3) 

i>] 

In this relation the interface is assumed to be plane which implies equality of pres¬ 
sure throughout both the homogeneous parts of the system. The chemical potentials 
Pi are provisionally understood as chemical potentials of uncharged components. (For a 
consideration of ions as components of the system sec § 3 a, p. 119). 

A system of r independent components, consisting of two phases has r degrees of 
freedom, and, in order to describe the system completely, three other variables are 
necessary to define the extension of the two phases and of the interface. So the r-t-3 
variables of eq. (3) are just sufficient to describe the system. 

Several other sets of variables are possible and we will choose one which contains 
as many intensive variables (T, p, G„ p.) as possible, leaving only three extensive 
variables to define the total amount of the two phases and the extent of the interface. 
A suitable choice for the three extensive variables is A, n, and n.^, where 1 and 2 are 
preferably (though not necessarily) major constituents of phase (1) and phase (2). By 


r 

subtracting d ( S n,) from both sides of cq* (3) this equation is transformed into 

imZ 

^ ^ =—SdT ‘ Vdp r 1 -dni • jxjdnj— ^ d fi* . - (4) 




im I 


Using the fact that (4) is a total differential, we can derive immediately the very 
important Gibbs adsorption equation ‘ 


_ G, 

^ i) Pi ' ' _ 

F, p, P3... p,'_ i, V'i-ri... T, p. n 1, rjj p, •• .p. 




(5) 


relating the change of interfacial free energy with the chemical potential of one of the 


Formally, eq. (4) demands ihac in the partial differentiation of G* with respect 10 p, .ilso A, n^ and 
are kept constant. C». however, as an intensive variable, does not depend on these extensive para¬ 
meters. In the differentiation of n, with respect to A it is necessary to keep T, p, and (r_2) chemical 

potentials constant. As the sute of the system is however completely determined by r variables, this 
implies that p, and pj do not change either. 
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components to the specific surface excess of this component. Indeed the right hand side 
of eq. (5) represents the amount of component i to be added to the system when the 
interface is increased by one cra^ The comparative arbitrariness of this definition of 
adsorption is reflected in the requirement of constancy of n, and n., which implies that 
these are the two components which are considered to be not adsorbed, in accordance 
with our more analytical considerations of page 117. 

The surface excess as defined by the right hand side of eq. (5) will be denoted ‘ 

as /’, 



T, Pi Hi, rij, |ii.ji. 


For dilute solutions 
may be written 


— 1- /?7'lnCi. In that case the adsorption isotherm (5, 6) 


Ci C. 

i? r' ~c. 



expressing (as eq. (5) already does) that a solute which lowers the surface tension is 
positively adsorbed and one which increases the surface tension is repelled from the 
surface. 

We shall use eq. (5) and (6) frequently in the form (8) 


or its integrated form 




1*3 1*1 

...[*/)—(/ J\ dix,) — (J l\ dll,]— etc. (9) 

The numerical identity of surface tension y and surface free energy Ca has already been mentioned 
m § 2 a. The surface pressure p, an important variable in spreading experiments, can be considered as 
the difference between the surface tension of the solvent and the solution 


P . U 

And can thus be treated in the s*mie scheme. As excellent monographic presentations of monolayers 
And spreading experiments exist, they will be treated here only inudentally (See ^ 7 b, p. 167). 


§ 3. ON POTENTIALS IN THE DOUBLE LAYER 

Two of the most important ways of treating the electrochemical aspects of surface 
phenomena are: 

a. the application of an external potential difference to a system containing an 
electrode with a completely polarizable interface. In this way the potential difference 


’ This definition is not exactly (he same as the most common convention, introduced by Gisss 
and used by many other authors. In this convention the total i>olume of the two phases and the amount 
of one component are kept constant in the differentiation. This implies, however, that in eq. (5) a 
i> Gt I is obtained in which the pressure is varied. (See E. A. Guggenheim, l.c.). 
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between this electrode and the solution in which it dips may be altered (within certain 
limits) at will. 

b. the incorporation of the interface in a completely revenihle galvanic cell of which 
the E.M.F. may be changed by changing the composition of the phases (or one of them) 
meeting at tlie interface. 

In this section we shall correlate these potential differences with electrical pheno* 
rnena at the interface. 


a. The completely polarizable electrode 

The most extensively studied system of this type is the interface between mer¬ 
cury and an aqueous solution. It may serve as an example for other systems of this kind. 

Consider the cell represented schematically in Fig. 1 containing a solution, a mer¬ 
cury electrode (area of interface - A) and a hydrogen electrode saturated with one 
atmosphere of hydrogen. The hydrogen electrode is assumed to be ideally reversible and 
of so small surface that its adsorption may be neglected. 

The mercury electrode is assumed to be completely polarizable, that is no ions 
from the solution can be discharged at it (the concentration of Hg..'’ "*' ions is negligi¬ 
ble). Consequently any charge carried to it by the applied potential difference E 
remains on the mercury. 

Several authors, for instance Fbumkin have treated the mercury eJcctrcde as a reversible one 
and have explained its polarization as a concentration polarization m the solution. When a negative 
rotenlial is applied to the mercury, mercury ions .ire discharged at the surface until their concentration 
near the interface is so low .is to correspond to the applied potential. Anyhow as the concentration of 
mercury ions is low, this discharge requires only a very small transport of electricity which may be 
neglected. Given the fact, however, that the mercury electrode may be made 2 volts more negative than 
the calomel electrode, the concentration of ions would have to vary from about 10-^'’ to lO-*’" 

and it seems scarcely real to consider conceiiirations of less th.in one atom in the universe as being able 
to determine a potential juinp between two phases, although this kind of treatment may (and indeed 
must) lead to the correct e<]uation. 

The polarizability of the mercury implies, that the potential difference E and the 
charge on the mercury Q appear as a new set of variables in the thermodynamics of this 
system. The differential of the Gibbs free energy may now be represented by (compare 
eq. (3) p. 117). 

dG —SAT VAp C.AA ■ A.^dn.’ f E AQ (10; 

a I = > 

where C, is the free energy per cm* of the interface mercury solution and the elec 
trochernical potential of the component i in the phase ■». 

The electrochemical potential is defined by the relation 



z.e V* 


( 11 ) 


in which z, is the valency of compo|jent i and the internal (or Gai.vani) potential 
(see ^ W, p. 124) of phase r. 

As there is no complete eqiiihbnuni between the I'h.iscs there might .irise some doubt as to the 


‘ A. Frumkin.Z. pliyuk. Clum.. 103 (1923) 55. 
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values of Tji in the interface. The complete polarizability of the interface implies, however, that no ions 
condi[°o“s! ' ^ * attribution of ions to one or the other of the phases is given by the initial 

analogy with eq. (8) one might immediately write down the value of the 
differential of G, 


dC, = — i:/',dpi — od E,urj 
1 = 3 ^ 


( 12 ) 


where a is the charge on the mercury per cm* and £,„,/the (galvani) potential diffe¬ 
rence between mercury and solution. As eq. (12), however, introduces separate ion 

activities and a potential difference between 
two phases which cannot be determined 
without ambiguity, a complete derivation of 
eq. (12) is necessary. 

In this derivation we will find a precursor 
of eq. (12), viz., eq. (21) p. 122 where dG, is 
expressed in chemical potentials of salts and 
in the total potential difference applied to the 
cell from Fig. 1. This equation remains com¬ 
pletely within the realm of thermodynamics, 
and eq. (12) should then be considered as 
another way of describing eq. (21) which, 
although less positive than eq. (21) has the 
advantage of being easily applicable to models 
of the interface. 



Fig. I. Cell, containing an interface mercury- 
solution, which is assumed to be completely 
polarizable, and a very small completely 
reversible hydrogen electrode. 


As the passage of an amount of electricity Q to 
the mercury surface implies the discharge of ^ hydrogen ions on the Pt-eicctrode the meaning of 

dnH+ and n„+ has to be considered. These quantities have the meaning of the amount of H+ — ions 

introduced into or present in the system, neglecting the electrical process. The total amount of hy¬ 
drogen ions m the solution and its differential are therefore given by 


H+ H+ 


d/I 


total 


d/1 


2 

e 

e 


(13) 


H+ H+ 

Moreover the electroneutrality of the whole system demands that 




^toul ry 

+ V - 7 = 


n 


(14) 


where represents all the cations except H"*" and n_ the amount of anions. 
With the help of eq. (13) and (14) d/iH-J- can be eliminated from eq. (10): 


^ ^ dp r Cs dA -i- nrutroi d/i^ + 2' (t) + — z + t, ) dfi^ + 

compoo.a T 


r '' 


compoo. 

- (»;_ H- Vh+ ) i- £ dQ 


(15) 
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Subtracting from both sides the differential of £ n,- over neutral components, except 1 = water 

3 

and 2 = mercury, and of L' ^ ) "+ + “ (»/_ + one finds 

d (G— S fii n,- — lu’ (i;^ — »iH+) "+ “ (V_ + »?H+J"—= _5dr + 

f 

+ V dp + G* d>l T (ii dn, + (Xj dn, — S nj d {ij — E' d (> 7 ^ — ) — E n_ d (»;_ + 


-i- *_ ) ~ Q d£ 


(16) 


Now it Ls possible to combine the electrochemical potentials of the separate ions to the thermo* 
dynamic potentials of the salts (or acids or bases), which represent the independent variables of the 
system by relations of the type 


‘A V + ^A 


(17) 


where Aisi negative ion. 
Eq. (16) becomes then 


9 

d (G — S ji< rti — E' ((x^ A — I^HA^ n+ — S (u_j^)fi_ —£(?) = — S dr + 1 ' dp + 

r 

+ C, di4 -f Hidoi mdijj— S n^diii — E'n^ d (x^^^) — 2 n_d ^ — 

— Qd£ (18) 


in which for convenience A is chosen to be monovalent (not hydroxyl). 
As (18) is a complete di^erential it follows that: 


for neutral 
components \ 


\ J) jxi T, p, E. 


i» l^i/ {^i X'bAjT, p, E, all y.' s, n„ 


li ! T, p, E. all tx's except (Xj, jx*, {Xj XH A ) T, p, E, i 
for alt cations ( ^ ^ 

except H+ \"a jZj. A ] P' »ll l*'s except (x^, jxj, fx a 


(19a) 


\^A I T. p, E, 


all fx's, n„ n. 


(19b) 


for all 
except 


anions / <> \ 

^ — H/7“, p, £, all [x's except (x„ jxj, [i 


—H 


for i4H 


and finally 


= - M 

\ ^ A / T, p, E, all ti's, ,n„ Uj 

\ ^ t*i4H / r, p, E, all fi's except (Xi, jx,, jx^^^ ~ 
= — f'^ tnyj — E 'n ^ ) | 

^ ^' r, p, £. all (x's, n,, n> 


(19c) 


(19d) 


\ 5 £ / r, p. all (X's \ a >1 / r, p, £, all [X's (fii, n.) 
where o is the surface charge per cm*. This relation (20) is known as the Lippmann relation. 


(20) 
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PI 


At constant temperature and pressure dG, can be represented by 


dGj = — S TidiXi —E'/’ . dpt . V. 

3 —A 


r d 



) <1 I^AH —(21) 

in which every F is defined by a relation of the kind 

AfT, p,E,[L%ny, n. 

This eq. (21) is sufficient to describe the capillary electric phenomena at consunt T and p, but the 
confrontation with a model makes it desirable to rewrite it using again the electrochemical potentials 
ol the ions. At the same time we define rH+ in such a way that the surface is electroneutral 


2'-^+ +/’H+ +^='s:.z_r 

Wc find then 


( 22 ) 


dG, = — s A d Pi — E d {X^ — V T’ _ d _ 

including 
H+ 




(23) 


dfi j I 

^ - - represents the change of the potential jump at the hydrogen electrode, ' ^ + d£ 

equals the potential change over the surface in consideration. So finally we arrive at the very 

simple expression 


dG, = — S Tj d Pi -- o dEsurf. 
all uncharged and ionic components 


(24) 


from which we must however remember that neither d£ surface* "or *he chemical potentials Pj arc 
measurable separately although in many cases good estimates can be made. 


b. The completely reversible electrode 

Also in the case of the reversible electrode we will treat for concreteness a definite 
example for which we choose the silver — silver iodide electrode. Extension to other 

cases is then quite simple. 

The reversible cell consider¬ 
ed is represented in Fig. 2. It is 
formed by a silver — silver iodide 
electrode, a solution and a plat¬ 
inum electrode, saturated with 
hydrogen at one atmosphere. The 
reversible E.M.F. is given by E. 

In contradistinction to the 
case ofthe completely polarizable 
electrode this E.M.F. is not a new 
variable of the system. It is com¬ 
pletely determined by the com¬ 
position of the phases present. 



Fig. 2. Reversible cell containing an interface silver iodide 
-solution. The reversible E.M.F. of the cell is given by E. 
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At constant temperature and pressure the change in Gibbs free energy of the inter¬ 
face Agl-solution is given by eq. (8) applied to the ionic and neutral components of 
the system separately 


(dG.) T, p = — 2 Ti d ftj — 2 r< d fi, (25) 

neutral ionic 

components components 

It is convenient to choose H,0 as the component 1. The choice of component 2 
is left open for the moment. On the other hand the differential of the electromotive 
force of the cell is given by 

d£:=_l(d>)H+ + dT]i_) ( 26 ) 


By suitable combination of eq. (25) and (26) and the conditions of electroneutrality the 
relation between G„ E and the composition of the solution can be given in a regorous 
thermodynamic form. We will, instead of doing this, immediately introduce the diffe¬ 
rential of the potential change over the interface Agl-solution which is equal to 



(27) 


Introducing this relation into (25) we find 


dG. = — S r,d (1. — e (Pa^ — r,) d£, — 
neutr. 
comp. 


2r,d^: 

I ^ I. Ag 


(28) 


When we assume, that the adsorbed silver- and iodide ions are incorporated in 
^**‘ce of Agl, whereas all other adsorbed ions belong to the aqueous phase, 
fom ‘ ^ identified with the surface charge o and eq. (28) transforms into 

(29) which IS identical in form with eq. (24) for the completely polarizable surface 


dG, = — S d\ii — o d£, (29) 

all uncharged and ionic com¬ 
ponents except Ag'*’ and 1“ 


A discussion of ihc case where part of the adsorbed Ag’ and I- ions are 
phase will be given m section 4 f. 2, p. 140. 


present m the aqueous 


c. The interface oil - water 


In a two phase system of an organic liquid ("oil'*) and an aqueous solution parti¬ 
tion of the ionic components between the two phases generally occurs, and adsorption 
at the interface may be present. If such a system is in thermodynamic equilibrium and 
two identical reversible electrodes are brought into contact with the two phases no 
potential difference can be measured between the two electrodes. This is a consequence 
ot the fact that a system in equilibrium can perform no work. 


as that iV 1 . ® electrodes are not identical a potential difference is present but it is the same 

^ would have been measured if the two electrodes had been in contact with the samn 
solution. Consequently this potential difference cannot give any information on the oil-water imerfaTe 
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Nevertheless with this set up or an equivalent one potential differences have been 
measured and they have been found to change for instance by the addition of a solute 
to one of the two phases or by letting a monolayer spread over the interface. 

These potential differences must be non-equilibrium phenomena. They are there¬ 
fore not permanent but decrease in a shorter or longer time to zero *. 

Introduction of the potential concept with respect to the oil-water interface in 
equilibrium is therefore dependent upon model considerations and we shall return to 
this matter iri § 4 e, p. 137. 

d. On double layer potentials 

For the description of the potentials, which occur in our problems, we shall mainly 
follow the distinctions introduced by E. Lange *. 

For each phase one may distinguish (see Fig. 3) the outer or Volta potential, 4', 
the inner or Galvani potential, <p, and the surface potential jump, x» defined by 

z = <? — 4' (30) 

For one phase the potentials 9 and 4* are evidently determined by the accidental 
state of charge of the phase under consideration and as such are not important for phy¬ 
sicochemical problems. 

The differences of the Volta or the Galvani potentials between two phases in 
contact, however, are determined by the situation at the interface and it is these diffe¬ 
rences which enter in all considerations on the electrical state of the interface. 



Fig. 3. VOLTA-potentials, il*, GALVANi-potentials, 9 , and 
surface potential jumps X ^ phase system. 

The Volta potential, being the potential just outside the phase considered, is a 
well-defined electrical magnitude and can be measured in different ways, for instance by 
bringing a radioactive probe into the neighbourhood of the phase. By carrying out such 
a measurement near the surfaces of two phases in contact, the VoLTA potential difference, 
can be determined. As this Volta potential difference is not directly related to 


^ R. B. Dean, O. Gatty, and E. K. Rideal, Trans. Faraday Soc., 36 (1940) 16L 
R. B. Dean, ibidem, 166. 

* See for instance E. Lance and F. O. Koenig, Handbuch der Experimentalphysik, Vol. 12, part 2, 
Leipzig 1933, p. 263. 
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colloidal and interface phenomena, we shall not enter upon details of its measurement 
or behaviour here. The interested reader is referred to papers by Borelius, Lange ‘,c.s. 
where other references are given. 

In a less direct way Volta potentials may be important for colloid science. Verwfy * applied 
Volta potentials in a discussion of the orientation of water molecules at the surface. The Russian 
school * of electrochemistry recently published results, from which a far going parallelism between 
Volta potential difl'erences between metals and the points of zero charge of these meuls was derived. 

The difference between the Galvani potentials of two phases, A ? = /.u, on 
the contrary which seems most interesting for interfacial phenomena, is not accessible 
to unambiguous measurement, a fact which has been most clearly stated by Guggen¬ 
heim For such a measurement it would be necessary to determine the work in brin¬ 
ging a small charge from the bulk of one phase to the other. But the amount of work 
generally depends very much upon the material carrier of the charge. The work in 
transporting an electron may be quite different from the work in the transport of an 
ion. In order to find the work done against the potential difference, the total work in 
the transport process has to be diminished by the difference in chemical potential |x 
of the transported component. But again these chemical potentials are only defined 
except for an arbitrary additive constant, and the only thing which can be determined 
is the difference in electrochemical potential A O between the two phases, where the 
separation into 

A A 9 + A !^< (31) 

an electrical and a constitutional part remains arbitrary *. 

Fortunately it often is not necessary to know the value of A 9 itself, but only the 
manner in which A. 9 changes when the composition of the phases are (slightly) altered. 
In that case reliable estimates of the change of A may be made, A f, can be deter¬ 
mined and so the change in A 9 can be determined. In the subsections 3a and 3b this 
change in A 9 has been introduced as the change in interfacial potential d£, 

dE, - d (A 9) (32) 

The value of A 9 " ^ /.u depends of course on the location of charges in the inter¬ 
face. One may distinguish here polarizations of the interface, orientation of dipoles to 
which we shall ascribe a part of A 9 and call it the /-potential in a restricted sense. 
Further free charges (ions or electrons) may be displaced, and the part of v which 

can be ascribed to these free charges will be distinguished as the double layer poten¬ 
tial D. 

A 9 = ■/. + D (33) 


' G. Borelius, Handbuch der Meiallphysik, Vol. I, part 1. Leipzig 1935, p.'451; E. L ange .inJ F. O. 
Koenig, Lc.; M. Andauep and E. Lance, Z. physik. Chem., A 166 (1933) 219 
O. Klein and E. Lance, 2. Elektrochem,, 44 (1938) 542. 

* E, J. W. Verwey, Eec. uav. chim., 61 (1940) 564. 

A.Frumkin, J. Phys. Chem. US . S . R ., 22 (1948) 925; Chem . 
cJfr ^ (I9M) 6747.'"”’'* 24 (1950) 337; 

* E. A. Guggenheim, /. Phys. Chem., 33 (1929) 842; 34 (1930) 1540. 

nhic rem.wked here that the E.M.F. of a galvanic cel! isequ.il to the sum of .ill I j's at the 

sam. " «ll. which add to a difference in or 9 m the two poles. As these areofthe 

deteriluncd ‘I'fference in 9 between two pieces of the same pli.ise is .igain well 
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When changes are brought about in the system d 9) will often be known and the 
adsorption T or the charge density a at the surface can be determined. A suitable zero 
point of 9 IS given by the zero point of charge, that is, by the circumstances where 
a = 0. In that case the double layer potential D is evidently zero, but the value of x 
remains unknown. 

With the completely polarizable electrode, d (A 9) = df, is equal tod£ (if neces¬ 
sary after a correction for the change in the potential jump at the other electrode), the 
change in the applied potential. With the reversible electrode, A 9 is usually changed 
by changing the composition of the solution. 

In the solid phase (Agl) the electrochemical potentials of the major constituents 
Ag- and I'are constant whereas the r/s of the other constituents are undefined be¬ 
cause they are only present in very minute amounts. 

In this example A 9 can be changed by changing the concentration of the Ag'*' 
and 1“ ions in the solution {potential-determining ions cf. Lance and Koenig, l.c.). 

According to eq. (31) 

A , = 

ZiC 


Now in equilibrium A = 0. If ideal behaviour of the solution is assumed A l^i 
is dependent upon the concentration of i-ions according to d A l^< — kT dine,, 
and thus 


^ , kTd\nc, 

d A 9 =- 

Zfi 



where d _ 9 is reckoned positively when the solid 


phase becomes more positive. 


In the applications it is often (but not always, see e.g., § 5a, p. 149, 6c, p. 165) 
assumed that x does not change when the composition of the solution is not changed 
too extremely and thus the whole change in potential is located in the double layer 
potential D. 

dD «5r dE (polarizable interface) (35) 

kT 

dD ^ — dine, (reversible interface) (36) 


In the following section model theories will be proposed for x and D. 


§ 4. STRUCTURE OF THE DOUBLE LAYER 

a. The X' potential 

Although admittedly the potential difference between two phases is not accessible 
to direct experimental determination, it is important to investigate whether the /-po¬ 
tential can be approached by model considerations. 

In doing this one should realize that in a homogeneous phase the potential fluctu¬ 
ates enormously on an atomic scale. A mean potential may be defined for instance by 
averaging the charges (nuclear and electronic) over planes parallel to the interface, 
determining then from simple electrostatics the mean potential far from the interface and 
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calling this quantity the potential of the phase. Generally this potential will not be equal 
to the potential just outside the phase and the difference between the two, the x-poten- 
tial, may now be ascribed to certain definite distributions of the charge in the outermost 
layers of the phase. 

Moreover, when a charged particle (ion or electron) is transferred from the vacuum 
to the interior of the phase, work has to be done (or is gained) and this work is in prin¬ 
ciple accessible to measurement for instance in the form of the thermionic work func¬ 
tion of metals. 

This amount of work can be split into two contributions. 

a. The passage through the x-potential 

b. The (short range) interaction with the neighbouring constituents in the bulk 
of this phase. 

This leads to a second method of estimating x-potentials, namely a calculation of 
the short range interaction mentioned sub b and a determination of the electronic or 
ionic work function. 

The difference between the two will be equal to the x-potential. 

Both methods for estimating x-potentials have been applied by Verwey. Straight¬ 
forward model considerations have been applied to the case of alkali halide crystals ». 
The results appear to be rather uncertain even with respect to the sign of the /-poten¬ 
tial. Only in the case of LiF and perhaps LiCI are the crystals in all probability more 
positive than the surrounding vacuum and the potential drop is of the order of magni¬ 
tude of 1 volt. ^ 

The /-potential at the surface water-vacuum has been calculated by Verwey - 
from the work function for Na-", and Ag-^ions combined with the free energy of 
hydration m as far as this quantity is determined by the interaction of the ions with 
their immediate surroundings. The conclusion is that water is about 1 '2 volt more 
negative than vacuum and that consequently in the surface layer the protons of the 
water molecules are preferentially oriented to the surface. Verwey has shown that this 
is in agreement with an ice-like structure of liquid water. 


b. The ionic double layer 

Apart from the above mentioned calculations on the /-potential, considerations 
on the structure of the electrical double layer have been mainly centred around the 
Jocation of the ionic components. The treatment of the partition of the ions resembles 
very much the treatment of the ionic atmospheres in the theory of strong electrolytes 
Kemarkably enough the theoretical treatment of the double layer at a plane interface 

Gotv^a'nrctpl'"( -“ependen.ly by 

rurvi? f '•‘V" interface. For 

dlfficuit^rmry" ; tn"“^ —I'entotical 


' E. 
» E. 

P. 
‘ G 
s-D 


i: w. ^vrw7v', r. 

Debve and E. Huckel, Phyuk. Z., 24 (I923J 185. 

. Go^. J. phys., (4) 9 (1910) 457; Ann. phys.. (9) 7 (1917) 129 
. L. Chapman, Phtl. Mag.. (6) 25 (1913) 475. 
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c. Diffuse double layer after GOUY and CHAPMAN 


The electrical double layer consists of excess ions (or electrons) present on the 
solid phase (or on the mercury) and an equivalent amount of ionic charge of opposite 
sign distributed in the solution phase near the interface. 

The charge on the solid ( wall”) is treated as a surface charge smeared out uni¬ 
formly over the surface ^ The space charge in the solution is considered to be built up 
by unequal distribution of point-like ions. The solvent is treated as a continuous me¬ 
dium, influencing the double layer only through its dielectric constant. 

The Coulomb interaction between the charges present in the system is described 
by Poisson’s equation 



between the potential which changes from a certain value tj*© at the interface to zero 
in the bulk of the solution, and the charge density, p. s is the dielectric constant ^ A is 
the Laplace operator ® which in Cartesian coordinates is equal to -I- + 

The distribution of the ions in the solution is governed by a Boltzmann relation 
expressing that at places of positive potential the negative ions are concentrated and the 
positive ones are repelled, whereas for places of negative potential the reverse is the 
case. 

n, = exp (— z^e jkT) (38) 


Hi is the concentration of ions of kind i at a point where the potential is -I • is the 
concentration in the bulk of the solution. is the valency (sign of the charge included). 

The space charge density, p, is given by the algebraic sum of the ionic charges per 
unit volume. 


P 



Zierii 


(39) 


By combining equations (37), (38) and (39) a differential equation for the poten¬ 
tial y as a function of the coordinates is obtained. 

A -^ = — exp (— Zte (40) 

When only small values of the potential are considered (z,e iilkT < 1 or a,- ij' < 
25 mV at room temperature) the exponentials may be expanded and only the first two 
terms retained. 

Remembering, that, on account of the electroneutrality of the solution 

= 0 (41) 


‘ In § 4 €, p. 137 the case is treated that both charges are space charges. 

- D. C. Grahame, /. Chem. Phys., 18 (1950) 903 showed that although in the double layer the 
field -Strength may be so high as to cause dielectric saturation of the solvent (water), its effect upon 
expcnment.illy measurable properties is negligible. So we may safely reckon e as a constant. 

' The s.itiie symbol I h.as been used in the preceding sections for a difference. There seems to be 
no danger of confusion, however, as from the context and the equations themselves it is always 
evident which of the two possibilities is meant. 
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the equation arrived at reads 
in which 


X* = 


^ = X* li* 

4 Tt e* L UioZi* 
tkT 


(42) 


(43) 


This approximate differential equation (42) will in most cases not be suitable to 
describe colloidal phenomena, because the valencies of positive and negative ions occur 
in it in a symmetrical way through x, whereas experimentally, for instance in the rule 
of Schulze and Hardy (Ch. II, p. 82) the influence of positive and negative ions is 
essentially different. 

It is, therefore, necessary to return to the complete equation (40) and try to solve it. 

In the application to strong electrolytes serious doubt exists whether the application of the 
complete eq. (40) is permissible because it implies certain internal inconsistencies which have been 
analyzed most extensively by Kirkwood K But Casimir * extending Kirkwood’s analysis has shown 
that these inconsistencies do not arise (remain very small) when the complete eq. (40) is applied to the 
double layer on a large plane interface or on a large particle if the electrolytic concentrations in the 
whole system remain so small that in the bulk of the solution the limiting laws of Debye and Huckel 
form a reasonable approximation. 

The objection against the use of eq. (38) is that the exponent contains the mean potential while it 
should contain the potential of the mean force. In other words eq. (38) forgets that when an ion is 
brought from infinity to another ion the mean distribution of all the ions changes slightly, thus influen¬ 
cing the work done. 

In the case of the double layer of colloidal particles there are so many small ions in the double 
layer that the addition or subtraction of one ion practically does not change the distribution of mean 
charge or of mean potential. 

When two colloidal particles come near to each other the above-mentioned inconsistencies would 
become serious. The influence of interaction of colloidal particles is however treated separately in 
Ch. VI and VUI. ' ' 

We shall now restrict the discussion to an infinitely large plane interface, so that 

the Laplace operator , simplifies to —. 

dx* 

A first integration can then easily be carried out after multiplying both sides of 
eq. (40) by 2 d y /dx. 


d'v d*u 


2 


8 n 


dx dx* 


ir “- “ z,en,„ exp (— z,e jkT) 




dx 


Integration gives 


dy SttAT" 


dx 


where the condition that 

for X >• eo 

has been made use of. 


S: n,„ [exp (—r.c ^ jkT) — 1] 


d-I/ 

•y - 0 and —^- y 0 

dx 


(44) 


^ 1 . 1 J. Chem. Phys., 2 (1934) 767; See also H. A. Kramers, Proc Koninkl NederlomI 

Akad Wetenschap., 30 (1927) 145; R. H. Fowler. Trans. Faraday Sac.. 23 (1927) 434 L Ons^r 

^ (»927) 277;C/.em. Revr.. 13 (1933) 73; R. H. Fowler and 1 A 

tical thermodynamics, Cambridge 1949, p. 409. otafis 

PH ^ T'weede Symposium over sierke elecirolyien en over de e/ecirische dubbellaoe 

Ed. by Scene voor Kollo.dchemie der Ned. Chem. Vcr., Utrecht 1944. p. 1 . dubbeltaag 
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This equation can be simplified considerably by considering a single binary 
electrolyte of valency z in the solution. This simplification causes little loss with respect 
to the explanation of colloidal phenomena, because there the valency of the ion with 
the same charge as the wail (or particle) is unimportant and so may for convenience be 
chosen equal to the valency of the counter ions. In that case eq. (44) can be written 



) 


8 -nkT 


[exp {ze-:fl2kT)—tx’g> (—re ■4'/2Jkr)] 



Before carrying out the second integration, we can from eq. (45) establish a relation 
between the surface charge density, c, and the surface potential, The condition 
of electroneutrality of the total double layer requires that the surface charge is opposi¬ 
tely equal to the total space charge in the solution. 


00 


o — — r p dx 
By using Poisson's relation, eq. (46) can be integrated as follows 


(46) 


,« e 

® = + f r- 

oJ 4n 


e ^ 

dx- 


dx — — 


d-i 

(^) 


4 Jt dx X = 0 




Inserting the value for from eq. (45) we find: 


(47) 


= 1 


c nkT 


2 n 


[exp (ze'^^jl AD—exp (—ze'^^jlkT)] 


(48) 


When the potential is so small that the exponentials can be expanded, we find 


a = 


e nkT ze-l’o 

W 


t ^ -L 1 

A ^ ) 


/8 7T nz^e- 
e kT 


I I 

•;-o 


(49) 


In this case charge and potential are proportional to each other and the double 
layer behaves as a flat condenser with a distance */ x between the two plates. 

For the second integration of eq. (45), which leads to an explicit relation between 
the potential and the coordinate of the double layer, this eq. is written 


Ze-^ /; 




/ 


2d (2e -; 12 kT) 


ze 


Vc/21,7' 


ze 'i ze 


-fl 

•^0 


X 1 8 JT 


kT 


— d(xx) 
■^0 


Integration with the condition "I* — for x — 0 leads to 


X. X = In 


(ex p (ze 12 kT) + 1) (exp (ze /2 kT) — 1) 
(exp {ze V /2 kT) — 1) (exp {ze '^J2kT) + 1) 


(50) 
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_ ^ 

for a number of values of ze -^IkT can be more 
easily read in the case of small potentials where 
the exponentials may be expanded. It then sim* 
plihes to 


XX = In or 


_ e - X 


V V 


( 51 ) 


showing that the potential drops exponentially 
to zero over a distance of the order of magni¬ 
tude 1/x. 

This, and the fact that the equivalent con¬ 
denser has a thickness, 1/x, justifies the custom 
of saying that "the thickness of the double layer 
is equal to 1 /x”. 

Another useful approximation is obtained for 

1 and 1, that is an approximation 

valid far away from a surface which is at a high 
potential. For this case we find 











V 





__ 


z e -h 

Hr 


= 4 


-y.x 


TIM 


(52) 


in which 


Fig. 4. Electric potential in the double 
layer according to the theory of Gouvand 
Chapman. The curves marked 1,2,4,8 are 
drawn according to the exact eq. (50) for 

2, 4 and 8 resp. The dotted lines 

follow the approximate equation (51). 

One of the properties of the double layer that can be easily tested experimentally 
is its differential or integral capacity 


4# 

i 


exp {ze '^^jlkT) ^1 
cxp(ze -;^;2 kt) ^ 1 


(53) 


i\7 




fl 

TO 


which can be very easily derived from eq. (48) or (49). For small potentials the differen 
tial and integral capacity are both equal to 


For larger potentials it becomes larger. 

At room temperature x is about 3 • 10* z \ ' c, where c is the concentration in eram- 
moles litre. 

In a 1 fV aqueous solution of a monovalent electrolyte the calculated capacity 

therefore becomes 4. ^ 200 ;/F cm^ Experimentally the capacities found are 

more nearly one tenth of this amount. Evidently the picture of the diffuse double layer 
IS too simple. This oversimplification makes itself felt also in another respect. When the 
solution IS not very dilute, say 0.1 N. .and the potential at the wall high, say 200 mV 
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then the concentration of electrolytes near the wall should amount to 0.1 iV • e® = 300 N] 
clearly an impossible value. ’ 

This can be remedied by not neglecting the ionic dimensions. A method of intro¬ 
ducing ionic dimensions into the double layer has been developed by O. Stern. 


d. Stern's picture of the double layer 


^ the influence of the dimensions of the ions is greatest near the wall, it is possible 
to bring an important correction into the double layer theory by correcting only for the 
finite dimensions of the ions in the first ionic layers reckoned from the wall. In many 
cases it is even sufficient to bring into the picture only the dimensions of the ions of the 
first layer or rather the fact that they cannot approach the wall to a distance smaller 
than a few A units. By doing this, concentrations and potentials in the double layer drop 
already to values low enough to warrant the approximation of the ions as point charges. 
This comes down to the application of the Gouy-Chapman theory with the first layer 
of ions not immediately at the wall but at a distance 5 away from it. This is one of the 
two corrections proposed by Stern *. Stern further considered the possibility of spe¬ 
cific adsorption of the ions and assumed that these ions were also located in the plane S. 
This layer of adsorbed ions will be called the Stern layer *. 

The total potential drop is divided into a potential over the diffuse part 
of the double layer and over the molecular condenser. For the diffuse part of 

the double layer the treatment of the foregoing subsection is taken unchanged except 
for the fact that the diffuse layer does not reach to the wall but only to a distance S from 
it. The molecular condenser has a certain capacity C,„, being the ratio of the charge on 
the wall o and the potential difference —ig 

The capacity of the total double layer C, is then simply found as the equivalent of 
the capacity of the diffuse layer Cj and that of the molecular condenser C„, placed in 
series 



Cd 


*n 



As C,„ is (nearly) constant but Cj strongly dependent upon electrolyte concentra¬ 
tion (C,i y.), the partition of the total potential drop in the double layer over its two 
parts also depends on the amount of electrolyte present. So even when ’y©; the surface 
potential, is a constant, yS, which governs the diffuse douBle layer, decreases with 
increasing y, a fact which plays a part both in electrokinetics (chapter V, § 9b, p. 228) 
and in stability of colloids (chapter VIII, § 4a, p. 311). 

In extreme cases, when one of the separate capacities is very much larger than the 
other, the total capacity is practically equal to the smaller of the two component capaci¬ 
ties. So in dilute solutions Ci ~ Cj and in concentrated solutions C, ■— Cm- 

The charge on the wall is oppositely equal to the sum of the charges of tlie diffuse 
part of the double layer , o,, and the charge of the ions in the liquid part of the mole- 


* O. Stern, Z- Elektrochem., 30 (1924) 508. 

* This layer is often called the HECMHOLTZ-layer in honour of the very important theoretical work 
of Helmholtz on electrokinetics but it does not mean that Helmholtz himself used the picture of a 
molecular condenser; Helmholtz derived the electrokinetic equations without any special assumption 
on the structure of the double layer. It was Perrin, who was the first to schematize the double layer 
as a simple condenser. Cf. chapter V, ^ 3 a. 1, p. 199. 
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cular condenser, o,. oj is directly related to li/d according to the GouY-CHAPMAN-theory. 
For the calculation of oj Stern applies a model analogous to the Langmuir adsorption 
isotherm The adsorption energy of ions of kind i is considered to be composed of 
two parts, a purely electrical one (—Zi e <}'*) and a chemical potential ( 9 ,) indepen¬ 
dent of the electrical circumstances. 

A schematic picture of the distri¬ 
bution of the potential according to 
Stern's theory is given in Fig. 5. 

The charge a,is given by * 


c, = 


Ni z + e 


1 r 


N 

-* - ^4 

n.yM ^ 
Ni z ^ e 


z+e Wd ■_2 

kf 


1 


N _ 
n Jm 


z. e 


I — 


9- 


(55) 


e 


kT 


where N, is the available number of 
adsorption spots per cm®. A^is avogadro's 
number, and M the molecular weight 
of the solvent. 

A weak (Mint in Stern’s theory is the 



layer according to the theory of Stern. 
N 


number of available positions in the liquid, which is taken equal to and also the connection be¬ 
tween the diffuse double layer and the molecul.tr condenser, as expressed by assuming equality of 
potential in the innermost part of the diffuse layer and the liquid layer of the molecular condenser. 

When the molecular condenser is empty fa, 0) then indeed the maximum potential of the Gouy- 
laycr should be -^d. But when the SxEFN-layer is partly or fully occupied, the distance of closest 
approach, averaged over the whole surface, of a Gouv-ion to the surface, is larger than S and conse¬ 
quently the maximum Gouy potential should be smaller than ya. 


In practice very often only one of the terms in the sum of (55) needs to be consi¬ 
dered because either the positive or the negative ions .ire completely expelled from tlie 
molecular condenser. Moreover, if the concentration is not very high, the 1 in the 
denominator may be neglected. This gives a great simplification in calculations using 
this theory. 

As regards the drawbacks of the pure GouY-CHAPMAN-theory, Stern has indeed 
indicated the way to overcome them. The non-specificity disappears by the adsorption 
potentials and by the capacity of the molecular condenser. The impossibly high values 
of the capacity in Gouy’s theory cannot occur in Stern's, as the highest capacity possi¬ 
ble here is that of the molecular condenser. 

In the original version of Stern’s theory the capacity of the molecular condenser 
is taken as a constant. In principle of course this capacity will depend upon the specific 
properties of the ions in tlic STERN-layer. And especially will be different on both sides 
of the zero point of charge. 


J I. Langmuir,/. Am. Chem. Soc., 38(1916) 2221; 39 (1917) 1885: 40 (1918) 1361. 

Stern changes the 1 in ihedenuininator into 2 but his arguments.ire not very convincing espcci.il- 
ly not for the simplified case in which either the contribution of the .uuons or th.it of the canons cm be 
neglected 
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and ^ electrocapillary curve this effect is quite evident. Philpot ■ 

“f Stern’s theory which take this changinv 

ceS?n^B«d° ^ ^““"'"’8 two different anionic and cationic capacities. Id \ 

certain graduel transition between them. 

hivh * P"W«hed a different approach which also excluded the very 

someXtTrhfir af ‘“'''“‘'““‘i 'ff'cts for different ions. In this treatment the 

BoT™™ H ^ i 'f.P^tation between STiRtr-layer and Gouy-layer is left out, but the 

nuroosTThe H “rrected for volume effects, which serves the same 

purpose. The distribution function used by Bikerman is 


n.- = nv e 


- Wiiki 1 - S n, Vj 
1 - S m^v: 


where Vi is the volume of one ion. 

energy IV; is also modified by including either a dipole energy depen¬ 
dent on the derivative of the potential or an extra term related to the change in dielectric 
constant when water is displaced by ions. 

r-wa promising attempt to improve Stern’s theory is due toGRAHAME*. 

Grahames work is directed especially on the interpretation of the double layer on 

mercury. He supplies evidence that in the STERN-layer only the anions are really 

chemisorbed with loss of a part of their hydration shells, whereas the cations remain 

hydrated and are only attracted to the surface by electrostatic forces. A distinction 

should therefore be made between what Grahame calls the outer Helmholtz plane, 

that IS the locus of nearest approach of the centres of charge of cations to the wall and 

the inner Helmholtz plane that is the locus of the centres of charge of the chemisorbed 
anions. ® 


The double layer description of Gouy-Chapman may be used from the outer 

Helmholtz plane on, and this is in principle completely known because the total 

amount of adsorbed cations is an experimentally determinable quantity. Together with 

the value of this is enough to determine the distribution of charge and potential 
completely. ^ ^ 

The capacity C between the wall and the outer Helmholtz plane (in the absence 
01 chemisorption) is determined by experiment from the eq. 



° total 
Vo “ 



This capacity is not a constant but still depends — as Grahame assumes — on the 
surface charge density. 

The inner Helmholtz plane may be treated in the same way as in the Stern 
theory. The number of anions present per cm* in that layer is 


n ui.p.= 2r n^t 


-w ui.p./kT 



where r is the radius of an (unhydrated) anion and w the work to be done in brin- 


‘ J. St. L. Philpot, Phil. Mag.. (7) 13 (1932) 775. 

* A. Fbumkin, Trans. Faraday Soc., 36 (1940) 117. 

* J. J. Bikerman, Phil. Mag., (7) 33 (1942) 384. 

’ D. C. Grahame, Chem. Revs., 41 (1947) 441. (See also this chapter § 5d, p. 156). 
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ging an ion to the inner Helmholtz plane. The splitting of this work into an electrical 
and a non-electrical term 

Wi.H.p. = Zie^ i.H.p. -9 (58) 


is usually not without ambiguity. At the zero point of charge, however, <1/ (,H.p. — ‘J'o 
and in that case w i,n.p. = 9* 

Moreover Grahame gives some arguments that the capacity of the chemisorbed 


layer — contrary to the capacity of the 
outer Helmholtz plane — is a constant. 
With this simplification the whole theory 
can be completed by the equations 



Ot0t4l 

'I'o ~ 'i' i.H.p. 


(59) 


and o tot.i + Oi.H.;,. + Orf.y. = 0 (60) 


CopQtify 



Dcubit icytr 

ifi ¥Olfi 

Fig, 6* Differential capacity of double layer 
according to the Gouy-Ckapman theory for 
monovalent ions. 



Fig. 7. Differential capacity of the double 
layer according to Stern's theory. Capacity 
of the molecular condenser 38 ^ F for posi* 
tive surface and 20 for negative surface. 
(Taken from A. Frumkin, Trans, Faraday 
Soc., 36 (1940) 126), 

yf/ern^ 



Fig. 8. Differential capacity of double layer 
calculated by Grahame. The curve for 1 M 
NaF from Fig. 10 has served as a basis for 
calculating the capacity of the molecular 

condenser. 
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where aj.,. is the total charge of the diffuse layer. Grahame did not give an explicit 
relation to calculate 6 c.u.p. from •i.-.z/.p. in the case that chemisorption is present, but 
lakes the relation from experimental data. 

At this stage it may be interesting to compare the capacities of the double layer 

according to the different theories with the experimental values from the electrocapillary 
curve. 


Fig. 6 gives the differential capacities calculated for the diffuse double layer. 

Fig. 7 gives the differential capacity after Stern’s theory as modified by Frumkin. 
The adsorption potentials of the ions have been taken zero. 

Fig. 8 is an example of Grahame’s work. Chemisorption is assumed to be absent, 
the inner Helmholtz plane is empty. The capacity of the molecular condenser (outer 
Helmholtz plane) is taken from the experiment with the highest concentration of 
electrolyte (1 mol 1 NaF) and is used to calculate the curves for lower concentrations. 

Fig. 9 shows experimental values for the mercury electrode in chloride solutions. 

Fig. 10 gives Grahame’s experiments for NaF, to be compared with Fig. 8. 

Except for the most dilute solutions and very low double layer potentials the Gouy- 
CHAPMAN-theory leads to capacities that are far too high. 

With Stern s theory the middle part of the experimental curves can De quite well 
explained although the quantitative agreement is not yet quite satisfactory. The maxi¬ 
mum in the capacity for 1 N KCl near the zero point of charge is not explained by 

Stern’s theory but may be explained by the theory 
of Bikerman. It is due to the fact that for very 
small potentials the theory is equivalent to Gouy’s 
leading to high capacities, whereas for somewhat 
larger potentials Bikerman’s theory is more equi- 




trom A. Fpumkin, Trans, Faraday Soc,, 
36 (1940) 124). 


Fig. 10. Differential capacity of double layer 
between mercury and aqueous solutions of 
NaF. T = 25^ C. 
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valent to Stern's. Grahame's approach seems to give a somewhat better accord with 
experiments than does Fromkin's method, but the differences arc not very large. 

The high experimental capacities for large positive or negative potentials are not 
explained by any of the theories. 

Further comparison between theory and experiment is given in § 5. 


e. Double diffuse double layer 


At the interface of two immiscible liquids a diffuse double layer may be present on 
both sides of the phase boundary. The Galvani potential difference depends on the 
unequal distribution of the ions in the two phases. For a monovalent electrolyte this 
distribution is governed by equality of the partial electrochemical potentials of the ions 
in the two phases. 

v;^(‘)= Ve)and ■/;_(') = v)_e) 


or 


(>) H- kT In c+V) -f e 9(‘) = kT In c+(*) H- 

- kT In c.(') - e 9(‘) = + kT In c.C) - e 9 ^) 



Taking account of the electroneutrality in the bulk of the phases we find for the 
distribution of the electrolyte 


c(‘) 
(^) 


2kT 




(62) 


and for the Galvani potential difference 






(63) 


The potential difference only depends upon the specific character of the electrolyte, 
and is (in this approximation) independent of the concentration. For mixtures of elec¬ 
trolytes similar equations can easily be derived. The potential difference depends then 
upon the relative amounts of the different electrolytes present, but again not on the 
total concentration. It has already been mentioned in ^ 3, especially in § 3c, that we 
have no means to determine v(') - 9 (^) experimentally. 

This Galvani potential difference may be divided into a surface potental jump •' 
caused by orientation of dipoles etc. and a double layer potential D, related to ionic 
displacement. The distribution of this double layer potential D over the two phases has 
been investigated by Verwey and Niessen ‘. 


At the phase boundary the potential gradient shows a discontinuity owing 

to the difference in dielectric constants (sC) and e(^)). 


cC) 





(64) 


‘ E. J. W. Vebwey and K. F. Niessen, Phil. Mag., (7) 28 (1939) 435. 
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-X-m - O - 


If both double layers are assumed to 
be of the GouY-CHAPMAN-type, eq. (45) 
may be applied, leading to 

1 / 2 C ifO) 

|/n(‘) =(■) sinh = 

= |/n(=) £p) sinh (65) 

where <{/(*) and 4»(*) are the potentials on 
phase (1) and phase (2) and the sum of>{<(‘) 
and 4(*) is equal to Das determined above. 
See Fig. 11. 

The partition of the potential is gover¬ 
ned by the quantity 


Fig. 11. Distribution of the potential at the 
interface of two liquid phases for small values 
of the total double layer potential D 

Ej = 9 Ej n, = 81 nj 

Consequently y.^ = 3 x, and ■;.(*) = 27 6(») 


a = 


nO) E(») 
n(‘) cC) 


( 66 ) 


mV 


and as usually the medium with the lower 
dielectric constant will also have the smaller 
electrolyte content, the greater part of the 
potential D will be found in the phase with the smaller dielectric constant. Fig. 12 gives 
the partition of D as a function of log a for two different total potentials. 

The application of these considerations on the interface between water and an 
organic liquid (oil) leads to the 
conclusion that only a weak 
double layer is present in the 
water phase, which explains the 
lack of stability against floccula¬ 
tion of non-stabilized emulsions 
(cf. chapter VIII § 12a, p. 338). 

It may be argued that in 
principle every double layer is of 
this double diffuse type. In ionic 
solids the charge on the solid 
may stretch outoverconsiderable 
distances in the interior of the 
solid phase, if departure from 
the stoichiometric composition 
by means of interstitial ions or 
other lattice defects are pos¬ 
sible Grimley and Mott ' applied this idea to the double layer AgBr-water. 

In the silver bromide the double layer is built up from an unequal distribution of 
ScHOTTKY defects (vacant anion and cation positions) from which there are about 10“‘^ 



* T. B. Grimley and N. F. Mott, Dijcujsio/ii Faraday Sac.. 1947 no. 1, 3. 
T. B. Grimley, Proc. Roy. Soc. London, A 201 (1950) 40. 
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per cm* in a neutral crystal. The extension of the double layer is then of the order of 
10 • cm and already in solutions of V 5000 N a considerable part of the total potential 
drop is located in the crystal. The introduction of the diffuse layer in the solid phase 
achieves the same result as the introduction of the Stern correction, viz., a lowering of 
the potential in the diffuse layer in the solution phase. (See § 4d). A difficulty in this 
sort of case is the estimation of the number of accessible lattice defects. 

Returning to the oil-water double layer we wish to indicate how in the presence of 
special electrolytes the double layer may acquire again its more one-sided character. If 
the electrolyte to be distributed contains an amphipolar ion that tends to accumulate 
at the interface {e.g., a fatty acid ion) and a second ion showing great preference for the 
water phase, the double layer will be formed of a layer of amphipolar ions at the inter¬ 
face, a diffuse layer in the water phase and, in order to arrive at the nece.ssary value of 
the total potential, a diffuse layer in the oil phase which however in the case mentioned 
contains oply a very small charge. In the aqueous part of the double layer the potential 
drop is now much larger than without the presence of the amphipolar ion, which leads 
to a much greater stability of the corresponding emulsion. (See chapter VIII, § 12, 
p. 338). A quantitative treatment of this kind of double layer has been given by Verwey'. 

f. Rela.tion between models and thermodynamic considerations 

/. 1. Potential 

On a purely thermodynamic basis the electromotive force of a galvanic cell cannot 
be objectively divided into the three potential jumps at the different phase boundaries, 
If it is assumed, that separate ion activities (or, what comes to the same thing, diffusion 
potentials) are known, the dependence of one separate potential jump (£.) on the ionic 
composition of the solution becomes accessible, except for an additive constant. 

In the models we distinguish the GALVANi-potential difference •- between two 
phases. 

The comparison between theory and experiment is usually carried out by taking 
E. and 9 equal in the zero point of charge (they are then both equal to the unknown 
/-potential), and investigating whether they are also equal m other circumstances. In 
the comparison it is often (for exceptions see ^ 5a. p. 149; ^ 6 c p. 165) assumed that / 
is independent of the composition of the (dilute) solution, so that practically 

£.-£.« or D ( 67 ) 

/. 2. Charge 

In the case of the completely polarized (mercury) electrode the charges occurring 
in the thermodynamical calculations and in the model are identical. 

For the completely reversible electrode the surface charge in the model is identitied 

With the charge of the adsorbed potential-determining ions. So in the case of silver 
iodide 

e > ( 08 ) 

E. J. W. Verwev, Proc. Koninkl. Nederland. Akad. WetenKhnp., 53 (1950) 376. 
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If the solution contains much foreign electrolyte, this definition of ct is practically 
correct but if the electrolyte content is low, so that a substantial part of the counter ions 
is formed by the potential-determining ions themselves, the problem is more complica¬ 
ted because I contains the whole surface excess, including the excess in the liquid part 
of the double layer. For small values of the potential, half of the diffuse charge is for¬ 
med by a deficiency of ions of the same charge as the surface and the other half by an 
excess of ions of opposite charge. Considering a silver iodide surface, positively charged 
in a solution containing only silver nitrate, the solid phase contains an excess of silver 
ions equal to 'T/e but in the liquid there is a deficit of c/2e silver ions. The concentration 
of I-ions is so small compared to the nitrate concentration that the excess of I-ions in 
the liquid is negligible. In this case 



a 

2"c 


o 

Y'e 



A still more extreme case is met with when a solution of Agl in water with no 
other ions present is considered. As in this case the zero point of charge (c/. §6a, p. 160) 
and the equivalence point do not coincide, there certainly is a finite surface charge <t. 
A surface excess however cannot be defined in this case as only two components are 
present in the system. 


In practice these complications do not give rise to many difficulties, as usually the 
solutions to be measured contain enough foreign electrolyte to make eq. (68) (or an 
analogous one for other substances) valid. 


g. Free energy of the double layer 


In § 2, eq. (9) a general relation for the free energy G, of the interface per cm® has 
been given in the form 


G. = G, . 






1^3 


/jdt. 




>4 


/’4Cl.U, 


etc. (9) 




In § 3 the case has been treated, where the interface bears an electrical double 
layer and independent of the way of formation of the double layer (polarizable interface 
or reversible case) the free energy can be written (see eq. (24) p. 122 and (29) p. 123). 



When there is no specific adsorption in the zero point of charge, G, |J -2 > 

{i, , T = 0) is independent of the special choice of concentrations and eq. (70) may be 
simplified to 

r<i 

<T d£. 


G. = G, ('T = 0) - 


0 = 0 


(71) 
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Further assuming — and herewith the model considerations are again introduced 
— that the x-potential is independent of the charge density, d£, is identical with d^ 
and the surface free energy becomes 

G, = G, (o — 0, = 0) - a d-;-^ (72) 

•^0 

The integral in this expression may be called the free energy of the double layer. 
In two cases the integration leads to a particularly simple result. If the total concentra¬ 
tion of electrolytes is high, the capacity of the double layer is practically equal to that 
of the Stern layer (cf. eq. (54)) and may be treated as a constant. (See, however, § 5d, 
p. 156). For small concentrations of electrolyte and small potentials again the capacity 
is a constant, now proportional to x. In these two cases 


GdoubJe laj'«r = - O d]/ = - ‘/iOj, (73) 

*'o 

For the diffuse double layer the result is somewhat less simple. The relation be¬ 
tween a and has been given in eq. (48), p. 130 and the free energy of the double layer 
becomes 


Gdouble layer — “ 


nkT_ 

2t. 


0 


2s.nh-^^d,= 


y. 


- (cosh 




A very characteristic feature of the free enthalpy of the double layer is its negative 
sign, corresponding with the fact that it is spontaneously formed when the surface 
potential or the concentration of potential-determining ions is changed. This negative 
sign is of great importance in elecirocapillarity (§ 5) and in the stability of hydrophobic 
colloids (Chapters VI, VII, VIII). 


h. Another approach to the free energy of the double layer 

There is another way of approach to the free energy of the double layer, which is 
more convenient for explicit calculations in some cases. (Interaction of two flat double 
layers, see chapter VI § 3b, p. 252) and which shows clearly the close connection between 
the activity of strong electrolytes according to Debye and Hi.’ckel and the free enervv 
of the double layer. 

An imaginary charging process, in which the charge of all ions present in the 
system is gradually increased from zero to the normal value, is used. As, however, the 
properties of the double layer are not solely determined by the charge of the ions, but 
also by their preference for one of the two phases present, it will be necessary to con- 
sider apart from the change of t.he charges also a change in thermodynamic potential 

^ detailed treatment for the completely reversible case (c/. 
§ 3b), the treatment for the polarized electrode (§ 3a) being analogous. 

charging process is indicated by a parameter >., varying from 0 
to 1. The lomc charges at stage >. are z.e>.. The chemical potential of the ions ( j.) are 
assumed to be independent of >. m the solution but to be a function of > Liter to be 
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defined m the solid phase. The free energy of the double layer can then be described bv 
considering only the excess charges in the double layer as the charging and discharging 
ot the other ions is independent of the presence of the interface. 

When at stage >. all ionic charges are increased by an amount ^.edX, the space 

charge p and the surface charge o in the double layer increase by p —and 

respectively. Moreover, the chemical potential of the excess ions on the surface is 

increased by an amount ^ d X per ion or ^ d X for all ions per cm*. The total 

amount of work done at this stage ^ is 



volume 



a 


J 



surface 



f q DM'Ij 

y xe sx 


dx dS 


surface 



and the free energy of the double layer is found by integrating (75) 


G, = G (0) - 


"dx 

» 

+ 


A 

^0 •J 

V J 

a ’■Js J/ ® . 


d^ (76) 


in which G (0) represents the free energy of the double layer at X = 0 and A f* = 

•oiuiion, where (i,- loiution is independent of X. As the double layer is always 
in equilibrium jx -I- X c y, = 0. 

Now the effective integration of (76) completely depends upon the choice made 
for the dependence of A on X. When A is assumed to be zero during the whole 
charging process, changing only from 0 to the final value when X = 1, then the first two 
integrals are zero and so is G (0). The free energy of one cm* of the double layer will 
then be reduced to the last integral which can be written as 


dXo J) 

c 

VO J 

—^d Aix = - 


which is the same expression as that found in § 4 g eq. (72) p. 141. 



Another convenient way of integration is given by the condition that -^o remains 
constant. In that case 


^ A 1^ _ 2»_(-_Xe^) 

D X “ S X 



and the last two integrals of (76) are cancelled. 


' cf. R. H. Fowler, Sraiistica! Mechanics. 2nd ed. Cambridge University Press 1936, p.269; 
L. Onsageb, Chem. Revs.. 13 (1933) 73; R. M. Fuoss,/. Chem. Phys., 2 (1934) 818, where this method 
IS directly derived from statistical mechanics; For the double layer this relation has been derived by 
E. J.W. Verwev and ). Th. G. Overbeek, Theory of the stability of lyophobic colloids, Amsterdam 
1948, p. 56. ^ ^ ^ y 
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Then G, is found from 


i>i 


G, = C, (0) + 


d\ 


P dK 


(77) 


where the integration has to be carried out under the condition that has always the 
same value. 

For the infinitely large flat diffuse double layer G, (0) is zero, and the integral may 
be evaluated in the following way. 




W 4 n X 


6=0 


With the value for taken from eq. (45) p. 130, remembering that at stage )., 
e has to be replaced by ). e , we find 

2 c 


=— I ? ^ f f-r 

^0 •'0 


,z Xe 62 >•£, 
-TW- 2kf 


= -) 


2c 




2 £ n kT 




‘’'® . . z e'^ ., 
smh —— d'i = 


2kT 


_ 8 n kT , , a e •4». 

G.^- , (cosh~^-l) 


(78) 


which IS the same result as (74) which was calculated by the other method. 

An application of this second method of evaluating the free energy of the double 
layer^will be given in chapter VI in the treatment of the interaction of two flat double 

For one plane double layer or two parallel plane double layers the mathematical 
equivalence of the two methods was demonstrated by Casimir >. Levine ^ drew atten- 
ti^ to the fact that for the double layer on a curved surface G, (0) from eq. (77) is 
different from zero 3nd has to be evaluated separately, 

1 . The double layer at curved interfaces 

So far our considerations have been restricted to flat interfaces. Practically this 
mean^at the radius of curvature of the interface is large as compared to the dStance 

* S. Levine, Phil. Mag., (7) 41 (1950) 53, 
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over which changes of concentration make themselves felt. In colloidal systems this 
will not always be the case and therefore it is useful to treat some cases of curved double 
layers. The double layer around spherical particles has been extensively treated » and 
also some data are known on cylindrical particles *. 


i. 1. Charge and potential in a spherical double layer 

In the approximation for small potentials the distribution of charge and potential 
around a spherical particle has been given by Debye and Huckel ® 




e -X (r-a) 
r 


where a is the radius of the particle and r the distance from its centre. 

The charge of the particle Q is related to the surface potential as follows 



Q = a e (I H- y. a) 4o (80) 

Solutions of the complete Poisson-Boltzmann equation (40), p. 128, have been 
derived by Muller who used a graphical procedure, and by Gronwall * who solved 
these equations analytically. Unfortunately just in the case when the greatest differen¬ 
ces between the treatment for flat double layers and curved ones are to be expected, 
the ob;ections raised by Kirkwood and others (see § 4c p. 129) against the use of the 
complete eq. (40) gain more and more weight; and therefore it remains doubtful 
whether extension of the theory to the case of large potentials on spherical double 
layers, which mathematically is very difficult to handle, is worth this trouble. 


Moreover in ihe spherical double layer with l/x large compared with the radius of the particle, 
the distribution of the potential is governed more by the factor 1/r in eq. (79) which comes from the 
spherical extension of the lines of force, than from double layer effects and therefore a slight incorrect¬ 
ness in the treatment of the double layer does not influence the distribution of the potential very much. 
Table 1 m which the approximate theory of Debye and Huckel and the exact solution of eq. (40) by 
MULLER are compared for a case where 1 x - 5 n, illustrates this clearly. 


Table 1 

Illustrating the difference between the approximation of Debye and Huckel and the theory of 
Muller for spherical particles, y.a 0.2 ^ z- = z 


xr 

X (r —c) 


2 e ^ kT 



Muller 

Debije and H( 

0.2 


2.83 

2.78 




0.82^ 

1.0 

0.8 




‘ P. Debye and E. Huckel, Physik. Z-, 24 (1923) 185; 25 (1924) 97: H. Muller, Kolloidchm- 
Beihcfie. 26 (1928) 257; T. H. Gronwall, Proc. Nat. Acad. Set. U.S., 13 (1927) 198; T. H. Gron¬ 
wall, V. K. La Meb, and K. Sandved, Physik. Z.. 29 (1928) 358; V. K. La Mer, T. H, Gronwall, 
and L. J. Greiff//. Phys. Chem., 35 (1931) 2245. 

^ G. P. Dube. Indian J. Phys., 17 (1943) 189; See also S. Levine, Trans. Faraday Soc., 47 B 
(1946) 102. 

See footnote 1 
‘ See footnote 1 
^ .‘'ce footnote 1 
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i. 2. Free energy of the spherical double layer 

Estimation of the free energy of spherical double layers by the method outlined 
in § 4g, that is by evaluation of the integral 


= - Qd+ 
Jo 


(81) 


is very simple, because for the reasons outlined in § 4i 1 our discussion will be restricted 
to small potentials where Q and 4' are proportional to each other. Using eq. (80) we find 

G = ~ V* 0 '{'0 = - Vs OE (1 -!• X a) 4*6“ (82) 

Application of the charging method of Debye and Huckel (c/. § 4 h) is instructive 
in this case because the free energy of the double layer does not lend to zero when the 

ionic charges do so, at least not when the condition of constant surface potential is 
maintained. 

Eq. (77) may be written for a sphere of radius a 


1 |.0O 

G, = G, (>. = 0) + 1 —- p 4' 4 Tt r® dr 

0 • ^ 


(83) 


The free energy for X = 0 is determined as 

'4'o 

G, (X = 


f'i'o 

. (X = 0) = - Qdi- =- 

Jo Jx = 0 


(84) 


Vs Q 4^0 

X = 0. 

When X = 0 all ionic interaction has disappeared and so Q (0) is simply given by 

Q (0) =--.Ea 4-„ (85) 

from which follows that 

G, (X = 0) = - Vi ea 4-% (86) 

The integration of the second term of eq. (83) is carried out as follows 


J >1 


CO 


P 4' 4 r® dr = 


/»1 


0 


dx 


QO 


a 


4 TT 


A 4* 4 5t r® dr = 


1 /•«> 
dx 


I* 1 


X 

0 Ja 


e X* X® r* dr = - ex® a® 4/^® 


dx 


•^0 


0 


00 


- 2 X X (r - a) 
e dr — 


X 


* ,1. 4 


a V- 


(87) 


Taking (86) and (87) together we find for the free energy of the double layer around 
spherical particle 


G. =- 


cay,* e X a® 4*0* e a 


2 2 + xa) 4'." (88) 

which has also been derived by direct integration of - Q d 4- (eq. 81, 82). 
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1 . 3. Cylindrical double layer 

The diffuse double layer around cylindrical particles has been treated by Dube ^ 
for the case of small potentials. The relation between charge and potential can be expres¬ 
sed by means of Bessel functions. The same relation has been derived by Gorin *. 

§ 5. THE ELECTROCAPILLARY CURVE AND RELATED EXPERIMENTS 
AS AN EXAMPLE OF THE COMPLETELY POLARIZABLE INTERFACE 

The interface between mercury and an aqueous solution is a very favourable case 
for studying the properties of the electrical double layer. By measuring the surface 
tension the free energy of the double layer is directly accessible. The potential difference 
between the two phases can be altered within wide limits by applying an external poten¬ 
tial difference. From the relation between 
surface tension and potential the charge 
and the capacity of the double layer can 
be derived by differentiation (see §3, eq. 
(20), § 4, p. 131). Moreover, these two 
magnitudes can also be directly determi¬ 
ned by experiment. So it is not to be won¬ 
dered at that our best and most extensive 
data on the double layer are coming from 
the mercury water interface. 


a. The electrocapillary curve 

The first determinations of the 
relations between surface tension and 
polarizing potential are due to Lipp- 
MANN whose experimental set-up is 
shown in Fig. 13 and is still in use with¬ 
out many alterations. 

Some authors * used more compli¬ 
cated forms of apparatus, others made 
use of completely different methods for 
the determination of the surface tension 
(drop weight *, form of a sessile drop *) 
but they seem to be less accurate and 
not so easy to handle as the classical 
capillary electrometer. 

* M. H. Gorin in H. A. Abramson, L. S. Moyer, and M. H. Gorin, Electrophoresis of proteins, 
New York 1942, p. 126. 

“ G. Lippmann, Ann. Physik, 149 (1873) 546; Ann. chim. et phys., (5) 5 (1875) 494, 12 (1877) 265; 
Wied. Ann.. 11 (1880) 316. 

^ F. O. Koenig, Z. physik. Chem.. A 154 (1931) 454; L. A. Hansen and J.W. Williams,/. Phys. 
C/iem., 39 (1935)439. , 

' G. Kuceba, Ann. Physik.. 11 (1903) 529, 698; S. R. Craxford and H. A. C. Mc Kav,/. Phys. 
Chem., 39 (1935) 545. 

G. Gouy, Ann. phys., 6 (1916) 5. 





Fig. 13. Capillary electrometer after Lippmann. 
The polarizing tension E is applied between a cal¬ 
omel electrode A and a mercury electrode B. The 
interface between mercury and solution is situated 
in a narrow, slightly conical capillary C. The surface 
tension is measured by determining the height h 
for which the meniscus is at a certain point in C. 

' G. P. Dube. Indian /. Phvs.. 17 (1943) 189. 
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In a very narrow, slightly conical, capillary C an interface between mercury and an 
aqueous solution is kept at a chosen place by applying a suitable pressure, h, when a 
given polarizing tension E has been set up between the mercury (B) and the calomel 
electrode (A). The interfacial tension can be determined from the heiglit h and the 
diameter of the capillary at the chosen place. The general type of relation between the 
interfacial tension and the polarizing potential E is shown in Fig. 14. A roughly para- 



poitnfiat in voHt of morcuny 
Qpoinst INcaiomttocfro^^ 

Fig. 14. General form of electrocapillary curve. 


bolic curve is found. At the electrocapiUary maximum the charge on the mercury is zero, 
forJ)G,/5£ = Oat that point and 3 G./i) £ = - o (see eq. (20) p. 121). On the rising 
branch the mercury bears a positive charge and on the descending branch a negative one. 
The measurements are limited at the cathodic side by the discharge of hydrogen (when 
the overvoltage of hydrogen on mercury is surpassed) and at the anodic side by oxida¬ 
tion of the mercury surfave giving rise to unreproducible layers which hamper the 
motion of the meniscus. 

In order to obtain reliable results the apparatus and the chemicals must be very 
thoroughly cleaned. £,g., Proskurnw and Frumkin ‘ have shown, how, by touching 
the mercury surface with a piece of picein (usually considered to be a very inactive wax) 
the shape of the electrocapillary curve is profoundly altered. This is one of the principal 
reasons why many earlier measurements on electrocapillary phenomena can now no 
longer be regarded as being trustworthy. The second reason is, that for the interpreta¬ 
tion of electrocapiUary curves in the form of models two differentiations have to be 
carn^ out, which is only possible when the original data arc extremely accurate. 

A ct differcntation ^ G. ^ £ gives the charge of the mercury, the second 

differential y G.i:> £- the capacity (differential capacity) of the double layer and it is 
this last property which is most easily accessible to model considerations. If the capa¬ 
city of the double layer were a constant, the electrocapiUary curve would be exactly 
parabolic and thus it is the width of the parabola which informs us on the mean value 
of the capacity, and the deviations from the parabolic form reflect ilie non-constancy 
oi the capacity. The absolute height of the curve is relatively unimportant for double 


* M. Pfoskurnin anJ A. Frcmkin, Trans. Faraday Soc., 31 (1935) 1 K) 
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layer considerations. The relative situation of curves for different solutions again is 
important as the derivative (J) G,/t) Ki) e gives information on the amount of the com¬ 
ponent i adsorbed. (Eq. (19) p. 121). 

Fig 15 ' shows electrocapillary curves of different solutions of KNO 3 . The down¬ 
ward displacement of the curves for more concentrated solutions (a G,/S n.- negative) 




Fig. 15. Electrocapillary curves for solutious of 

KNO, in water. 


Fig. 16. Electrocapillary curves for different 

anions. 


indicates a positive adsorption of this salt even at the elcctrocapiJlary maximum that 
is in the absence of charge on the mercury. The maximum is displaced slightly to more 
cathodic polarization indicating a relative negativation of the mercury surface which 



Negative pcUrizing poiential in volts 
Fig. 17. Adsorption of cations. 


might tentatively be interpreted as a prim¬ 
ary adsorption of the anions followed by 
electrostatic attraction of the potassium ion. 
(see also the remarks on Grahame’s modifi¬ 
cation of the theory of Stern, § 4d p. 134). 

The preponderance of the anions in 
the adsorption comes out much more clearly 
when one compares electrocapillary curves 
for different salts as given in Fig. 16 *. 

Various potassium salts all show the 
same cathodic branch of the electrocapillary 
curve. Here the anions are repelled electro¬ 
statically from the surface and only the 
adsorption of the cation plays a role. In the 
anodic branches however, large differences 
are found and especially the more highly 
polarizable anions are strongly adsorbed, 
depressing thereby the surface tension and 
displacing the maximum to lower values at 
more negative potentials. 


* Taken from A. Fbumkin, Ergeb. exakt. Nalurw, 7 (1928) 235. 
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Curves for different inorganic cations are nearly coincident, indicating almost com¬ 
plete absence of specific adsorption of the cations. More strongly adsorbable organic 
cations, however, depress the cathodic branch of the curve as is demonstrated by Fig. 17 >. 

The addition of non-ionic organic substances often results in a more or less symme¬ 
tric truncation of the electrocapillary curve. See Fig. 18 ^ 

In the central part of the curves the surface tension is strongly depressed indicating 
a pronounced adsorption. From the displacement of the maximum it may be inferred 



Fig. 18. Adsorption of molecules. Orientation at the interface. 

Expulsion of adsorbed molecules by high charge of the surface. 

that amyl alcohol turns its positive pole to the mercury, isobutylphenol its negative pole, 
whereas the adsorption of sucrose does not introduce a dipole moment on the interface. 

At large positive or negative polarizations the electric field strength close to the 
interface gets higher and under these circumstances the counter ions and the highly 
polar water molecules are drawn more strongly to the interface thereby expelling the 
adsorbed less-polar molecules. 

For a quantitative theory of this phenomenon see Butler • and Frumkin ®. 

A final remark * might be made on the potential E, which plays a role in the differ¬ 
entiations mentioned in this section. It follows from the theory given in § 3 that the 
potential with respect to which the interfacial tension has to be differentiated in order 
to get the surface charge, and which has to be held constant in the differentiation with 
respect tO[ii (eqs. (19)) is the externally applied potential difference {E in Fig. 1 p. 120) 
and not the less well defined “potential difference between the two phases”. 


b. Direct determinations of the surface charge 

The surface charge rs, which can be calculated by differentiation of the electro¬ 
capillary curve, can also be determined directly. For this purpose Frumkin ^ used the 


Butlep 


' From N. K. Adam. The physics and chemistry of surfaces, 3rd ed. Oxford 1941, p. 341. 

*J. A. V. Butlep. Proc. Roy. Soc., London, A 122 (1929) 399. See also J. A. V. 
Eleclrocapillarity, London 1940, p. 82. 

* A. Frumkin, Z. Physik, 35 (1926) 792. 

♦See D. C. Gpahame, Chem. Revs., 41 (1947) 458; also W. ScHOTTKy. Thermodynamtk. Berl 
1929, p. 121—122. 

* A. Frumkin, Z. phystk. Chem., 103 (1923) 55. 
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Fig. 19. Deter¬ 
mination of the 
surface charge. 


simple set-up sketched in Fig. 19. The mercury flows drop by drop 
from the capillary tip and the drops unite with the pool of mercury 
on the bottom of the vessel. Each. drop represents a certain new 
surface, and thus needs a certain amount of charge, when the potential 
difference between the mercury in the capillary and that in the pool is 
kept constant. This charge can be measured as a current flowing e.g., 
from the capillary to the pool when the capillary is negatively polarized. 
When it may be assumed that the formation of the double layer is rapid 
compared to the formation of the drops and that during the time of 
formation of a drop the mercury water interface is completely polarized, 
the charge measured in this way should be equal to that calculated 
from the lippmann relation D G,/S £ = — a. Table 2 * shows that the 
two methods are in satisfactory accordance even for solutions with 
capillary active additions. 


TABLE 2 



Composition of solution 

Surface charge in fi Coul.^cm^ 


from electrocapiilary 

determined 


1 

curve 

directly 

1 N NaCI 

saturated with HgjOj 

' 50 

47 

1 N KOH 

„ „ HgO 

21 

17 

1 N H.SOj 

„ „ HgjSO, 

39 

39 

1 N KNO 3 -f 

0.01 N KI „ Hg.I., 

86 

.90 

1 N KOH -i- 

ether „ „ Hgb 

— 1.5 

— 1.3 


Schofield ^ using a very elegant method to determine the charge set free (in the 
form of Hgj"'"*' ions) when mercury drops unite with a pool of mercury, could con¬ 
firm and extend Frumkin’s results. 

More recently Philpot ® carried out measurements of the charge of the interface 
mercury-sodium chloride or hydrochloric acid solution, which arc in very good accord 
with Craxford's * determinations of the electrocapillary curve for the same solutions. 

Similar experiments have been carried out by Grahame 

By suitable polarization of the mercury flowing from the capillary the zero point 
of charge may be determined *. In that case no current flows in the outer circuit. 

Another way of determining the potential of zero charge, that is the potential of 
the electrocapiilary maximum has been suggested by Helmholtz ’’ and is based upon 
the fact that an isolated mass of mercury automatically comes to the potential of zero 
charge when the interface with the solution is sufficiently enlarged. Indeed if the 


‘ From A. Fbumkin, Erg. exakt. Naturw., 7 (1928) 235. 

^ R. K. ScHOFiEUD, Phil. Mag., (7) 1 (1926) 641. 

■* J. St. L. Phjlpot, Phil. Mag., (7) 13 (1932) 775. 

‘ S. R. Craxford, Dissert., Oxford 1936, cited from Trans. Faraday Soc., 36 (1940) 85. 
’• D. C. Gbahame,/. Am. Chem. Soc., 63 (1941) 1207 esp. p. 1212. 

^ H. Pellat, Compt. Rend., 104 (1887) 1099. 

■ H. VON Helmholtz, Wiss. Abhandl. physik. tech. Reichsanstalt, 1 (1879) 925. 
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interface is completely polarizable, its charge is constant and 
by enlarging the interface the charge density can be made 
arbitrarily small. The method is usually carried out by letting 
a fine jet of mercury flow into the solution. Where the mercury 
jet hits the solution, it is divided into many small droplets, 
thereby enormously enlarging the surface. (See Fig. 20). 

The method has been applied by Paschen >, Smith and 
Moss *, Erdey-Gruz and Szarvas * and Grahame, Larsen, and 
PoTH^.The last mentioned authors point out that for dilute solu¬ 
tions this method is probably the most accurate method for 
determining the potential of the electrocapillary maximum. 

Palmaer * used a similar method but in order to reach 
the zero point of charge he depressed the activity of mer¬ 
curous ions by complex formation with cyanide ions instead 
of by applying a polarizing potential. In this case, however, 
the mercury should act like a reversible and not like a polar¬ 
izable electrode. 

The accord between the different methods for the value 
of the zero point of charge is very good. In comparison with 
the tenth-normal calomel electrode the zero point of charge in 
one tenth normal potassium chloride is 0.559 V. Grahame, 
Larsen, and Poth (/.c.) give a list of the values found by 
different authors with different methods which we repeat here 
0.559, 0.560, 0.5595, 0.556, 0.553, 0.57, 0.573. 



t 


Fig. 20. Determination 
of the zero point of charge 
(after Paschen). 


without details: 0.5590, 


c. Direct determination of the capacity 

As the capacity of the double layer is the quantity most easily compared with 
model considerations on the structure of the double layer, a direct determination of this 
capacity seems a very attractive method of investigation. In principle the measurement 
is very simple. The cell containing the mercury-solution interface forms one arm of a 
capacitance bridge, constructed in such a way that a variable d.c. potential can be 
applied to the cell. The measurement of the capacity which is m series with the resis¬ 
tance of the cell, is carried out by a small a.c. potential in the bridge. The frequency 
used is rather low (1000 cycles per second or lower). Its actual value does not — within 
limits — influence the results obtained *. The a.c. potential on the double layer is of the 
order of a few millivolts. As in all electrocapillary work mercury, solution and the glass- 
work should be scrupulously clean, exempt from capillary active impurities and well 
deaerated. In earlier work ’ these conditions have not always been observed with the 
result that the measured capacities were much too low. 


* F. Paschen, Ann. Physik, 43 (1891) 568; 41 (1890) 42. 177. 

* S. W. J. Smith and H. Moss, Phil. Mag.. (6) 15 (1908) 478. 

* T. Erdey-Cruz and P. Szarvas, Z. physik. Chem., A 177 (1936) 277. 

* D. C. Grahame, R. P. Larsen, and M. A. Poth,/. Am. Chem. Soc., 71 (1949) 2978 

‘W. Palmaer, Z.pAysiA. CAe/n.. 25 (1898) 265; 28 (1899) 257; 36 (1901) 664; 59 (19071 129 

D. C. Grahame,/. Am. Chem. Soc., 68 (1946) 301. 

r’ ’ ^Kroger, Z. physik. Chem.. 45 (mi) 1; Ann. Physik. {4)21 (1906) 701: T. Erdey-Gruz .ind 

G. G. Kromrey, Z. phystk. Chem.. A 157 (1931) 213. The measurements by F. P. Bowden and E. K. 

IDEAL, Proc. Roy. Soc. London. A 120 (1928) 59 on the charge necessary to polarize the suifice 
to a certain potential (cf § 5b) also led to values of the capacity which were 3 or 4 umes too low. 
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The first reliable determinations of the capacity have been reported by Proskurn’in 
and Frumkin • and more recently by using very low frequencies, data have also been 
obtained for more dilute (10-=» and 10-‘ N) solutions Grahame developed the same 
method further ® and was able to obtain results with an accuracy * of 0.1 to 1 percent 



Fig. 21. 


in the capacity. By integrating these results twice the electrocapillary curve is found 
again, but with an accuracy which has probably never been reached in the direct deter¬ 
mination of surface tension vs. potential. 

The concordance between the three dilTerent methods is very satisfactory as is 
illustrated in Fig. 21, where the integral capacity of the double layer mercury 

- ~ Na^SO, is determined 

a. from the elcctrocapillary curve (Gouy) 

b. from measurement of the surface charge (Grahame) 

c. from determination of the differential capacity (Grahame) and application 
ofeq. (89) 

a 1 

^ 0 

in which c is the differential and K the integral capacity. 


‘ M. Proskubnin and A. Frumkin, Trans. Faraday Soc., 31 (1935) 110; Acta Physicochim. 
U.P.S.S., 4 (1936) 825; T. Borissova and M. PROSKURNiN.vtcra PA>'sicoc/iot. I/./?.5'.S'., 4(1936)819. 

' M. PROSKURNIN and M. A. Vorsina, Compi. rend. acad. sci. U.R.S.S., 24 (1939) 915; M. A. 
Vorsina and A. Frumkin, ibidem, p. 918; M. A. Vorsina and A. Frumkin, Acta Physicochim. 
U.R.S.S.. 18 (1943) 242. 

» D. C. Grahame. J. Am. Chem. Soc.. 63 (1941) 1207; 68 (1946) 301; See also Chem. Revs., 41 
(1947)441. 

^ D. C. Grahame,/. Am. Chem. Soc.. 71 (1949) 2975. 
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polmtlal rrlotive to elrefrocapillery manimum 

Fig. 22. Differential capacity of the electrical double layer between mercury and 

aqueous solutions of the salts named. T = 25 C. 

directly^ examples of the differential capacity measured 

F:g. 9 gives measurements by Proskurnin and Vorsina ’ on KCl of different con- 
^ solution of HCl. The curves suggest strongly that both in 

cathodic and in anodic polarization a constant value of the capacity is reached which 


M. Proskurnin and M. A. Vorsina, Compi. rend. acad. sci. U.R.S.S. 24 
Vorsina and A. Frumkin, ibidem, p. 918. 


(1939) 915; M. A. 
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Fig. 23. Differential capacity of the electrical double layer between mercury and 

aqueous solutions of the salts named. T « 25X. 


might be interpreted as the capacity of the cationic and anionic Stern layer resp* At very 
high anodic or cathodic polarization the capacity becomes very large probably owing to 
non-ideal polarizability of the interface. In the middle part of the curves, near the elec- 
trocapillary maximum, the capacity falls to a low value especially for dilute solutions. 
This is easily explained by the development of a diffuse GouY layer {cf. Fig. 7). For 
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concentrated solutions a maximum near the electrocapillary maximum exists for which 
a satisfactory explanation has still to be found. 

Later and probably more accurate measurements by Grahame ‘ show that the 
curves are somewhat less simple than 
those given by Proskurnin and 
Vorsina, although the general treat¬ 
ment is correct. It is especially the 
region of constant capacity which is 
missing from Grahame's curves (see 
Figs. 22, 23). Fig. 24 shows how for 
NajS 04 saturated with octyl alcohol 
the differential capacity has two very 
pronounced maxima connected with 
the pronounced change in direction 
of the truncated electrocapillary curve 
for this case (see § 5a, p. 149). 

d. Comparison of experiments 
with theory 

From the data described in the 
preceding subsections, not only the 
capacity of the double layer is known. 



poftnttct ageiftit 


Fig. 24. Differential capacity of the double layer. 
-NajSO^-— Na>S04 sat. with occyl alcohol 



0 -04 06 -10 -fA -1^ -1 


Ptg. 25. Charge (#/) and adsorption o 
cations (/'■^)and anions (/’“) at th 
mercury - 0.3 M NaCl interface. Poten 
tials are measured relative to 0.3 M 
NaCl Hg.Cl, Hg. 


but also the separate contributions of negative and 
positive ions to the solution part of the double 
layer can be calculated with the aid of eq. (19) 






CA 


The change of the surface tension with com¬ 
position at constant potential (£^ and mean 
that the other electrode is reversible to the anion 
or the cation) leads to the separate adsorptions 
of cations or anions. 

In Fig. 25 the contributions of the ions to the 
compensating charge are shown. In the region of 
high negative charge on the mercury, this charge 
is for the greater part compensated by cations and 
for a small, almost constant part by desorption of 
anions. With positive polarization again a large 
part of the p>ositive charge is compensated by 
anions but there remains a positive cation adsorp- 
tion, which even increases with increasing positive 
potential. The most simple inference seems that 
there is a rather strong non-electrostatic anion 


^ D. C. Grahame, Chem. Revs.. 41 (1947) 441 esp. p. 462, 463. 
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adsorption but that specific cation adsorption is probably absent. The increased 
specific anionic adsorption is attributed by Grahame ^ to the strengthening of the 
supposed covalent bond between the Cl^ions and the mercury in the presence of 
positive charge. 

In order to arrive at a further and more quantitative interpretation of charge and 
adsorption of ions, it is necessary to consider a rather detailed model of the double layer. 
It has already been mentioned that the simple GouY picture leads to inconsistencies 
and that it is necessary to take account of the finite dimensions of the ions by the Stern 
theory or a modification of it. 

Frumkin taking 38 {zF/cm* for the capacity at extreme positive polarization and 
20 |.iF/cm^ for extreme anionic polarization, finds for solutions from 0.1 to 0.0001 N 
the curves presented in Fig. 7 which are in not too bad accord with the experimental 
curves of Fig. 9. The large capacities found experimentally for extreme positive and 
negative polarizations have already been attributed to the non-ideality of the system 
(discharge through the interface). There remains, however, a certain discrepancy 
between theory and experiment, especially at low concentrations in the neighbourhood 
of the isoelectric point, where the experimental capacity is higher (3.9 (zF/cm- for 
0.0001 N solution) than the theoretical one (2.15 izF, cm-). 

The more detailed analysis by Grahame ® distinguishes two kinds of molecular 
condenser (see § 4d, p. 134). The distance of closest approach of the cations to the 
interface is called by Grahame the “outer Helmholtz plane”. We wish to introduce 
the name “limiting Gouy plane” thereby expressing the fact that up to this plane the 
double layer may be treated completely according to the diffuse double layer theory. 

The anions, however, according to indications, are more strongly adsorbed and 
closer to the mercury. This implies that contrary to Stern's assumption the potential 
in the plane of anions which we shall call the “Stern plane” (Grahame’s “inner Helm¬ 
holtz plane”) is not the same as that in the limiting Gouy plane. 

Grahame therefore suggests that a test of double layer theories should in the first 
place be directed to a case, where specific anion-adsorption may be expected to be 
absent, that is practically to the case of fluorides. Owing' to the strong electronegativity 
of the F~ion this ion will not be dehydrated and thus not enter into the “Stern plane”. 

In order to carry out this test he takes the experimental capacity C for 1 M NaF, 
calculates the capacity C,i = dajd 4*5 of the Gouy layer according to eq. (48) p. 130, 
and evaluates the capacity €„ between the mercury and the limiting Gouy plane by 
eq. (54) p. 132. 


_1 

C 





Assuming further that the capacity C„ is completely determined by the total 
charge of the mercury (or by the charge of the Gouy layer which is the same with the 
sign reversed) he can then calculate the total capacities for more dilute solutions, which 
really are in good accord with the experimental values * (sec Figs. 26-29). 


* D. C. Grahame, Chem. Reps^, 41 (1947) 441. 

- A. Frumkin, Trans. Faraday Sac., 36 (1940) 117. See also § 4 d, p. 135. 

^ D. C. Grahame, Chem. Revs., 41 (1947) 441. 

^ E. L. Mackof, Rec. trap. chim. 70 (1951) 763, showed that instead of assuming a variable 
capacity Cm of the molecular condenser, an equivalent interpretation can be obtained by assuming 
a constant capacity and a variable /-potential which depends upon the surface charge. 


ccpocity in^f/cm^ 
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e. Specific adsorption of anions 

It is possible to extend these consi¬ 
derations to the case where anionic ad¬ 
sorption is present (e.g., chloride). 

From the cation adsorption I'.r, 
which is completely localized in the Gouy 
layer, the whole structure of the Gouv 
layer may be derived including the ad¬ 
sorption of anions in the Gouy layer. On 
the other hand the total adsorption of 
anions (/’-) is available from experiments 
and by taking the difference, the amount 
of anions in the Stern plane is found. 
This amount (n, per cm'^) can be ex¬ 
plained by a simple Boltzmann factor 
(eq. (57) p. 134). 



pctrntio' relative to E C mag Ivolts) 


PiR. 26. Differeniijl capacity of non- 
Jiffuse part of the double layer calcu¬ 
lated from experimental data for 1 M 
NaF (Fig. 10) and eq. (54). 


Figs. 27—29. Differential capacity of the double 
layer calculated by Graiiame. The capacity of 
the non-diffuse part of the double layer is taken 

from Fig. 26. 



Fig. 27 



potential relative to £ C mag ivoitt) 

Fig. 28 



Fig. 29 
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where w, is the energy difference between an ion in the Stern layer and in the bulk of 
the solution. 


The capacity of the Stern layer is equal to the differential capacity of the double 
layer at a potential where is minimal (see Fig. 25) because there a change of poten- 
nal does not change F * and therefore does not change the potential in the limiting 
Gouy plane nor that in the Stern plane by which the potential in the limiting Gouy 
plane is presumably controlled. Therefore the whole change of potential is over the 

Stern condenser and thus the experimental capatciy at this potential is equal to the 
Stern capacity. 

If the capacity of the Stern layer is assumed to be a constant, then the potential 
of the Stern layer can be calculated (eq, (59) p. 135) and Ws can be split into an 


(volts) 
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Fig. 30. Specific adsorption potential, 9 '-, for chloride ion 
on mercury as a function of q, the electronic charge on the 

metallic surface. 


electrostatic part and an 

adsorption potential-pi (cq. (58).) 
Fig. 30 shows the adsorption 
potential of CPions calculated 
in this way by Grahame. 

The most important con¬ 
clusion is that the adsorption 
potential is strongly dependent 
upon the charge on the surface, 
becoming very much larger if 
the surface charge on the mer¬ 
cury becomes more positive 
(see also p. 164). 

The structure of the double 
layer derived from the above 
considerations may be schema¬ 
tized as follows 

a. No specific adsorption 
either of cations or of 
anions. 

The double layer is of 
the Gouy type but there 
remains a gap between 
the charge on the mer¬ 
cury and the first ions 
present in the double 
layer. 

b. Specific adsorption of 
anions. Cathodic branch. 
The double layer is 
of the same type as 
under a. 


c. Specific adsorption of anions. Electrocapillary maximum. 

No charge on the mercury. Negative charge in the Stern layer and a Gouy 
layer with positive charge. 
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d. Specific adsorption of anions. Anodic branch. 

Positive charge on the mercury. Larger negative charge in the Stern layer and 
again a positive charge in the Gouy layer. The "double layer" in this case should 
more rightly be called triple layer. 


§ 6. THE COMPLETELY NON-POLARIZABLE INTERFACE. THE 

SILVER IODIDE SOL 


A good and well investigated example of a non-polarizable interface is that between 
silver iodide and aqueous solutions. At this interface one may distinguish changes of 
ionic concentrations in the aqueous layer and a certain excess or defect of one of the 
kinds of lattice ions. Experimentally one determines the total adsorption of certain ions 
(cf § 2, p. I16)and thus at a certain adsorption of Ag+-ions it remains uncertain whether 
this is an adsorption in the lattice or in the liquid layer (§4 f. 2, p. 139). Usually, howe¬ 
ver, the concentration of Ag"^ or I~ ions in the aqueous solution is very low and the 
adsorption in the liquid layer may be neglected (or a small correction applied for it). 

With this restriction the adsorption of Ag+ or I- ions is assumed to be a lattice 
adsorption and the excess charge of the lattice, that is the magnitude equivalent to the 
charge of the mercury in the electrocapillary case, is expressed as 

« = c (/’a, - Tj) (68) 


Now we may apply the same considerations on the structure of the double layer 
as those of the preceding sections, viz., a smeared out surface charge ‘ on the solid and a 
space charge (-r surface charge) in the solution. 

Just as in the electrocapillary curve the state of zero charge on the surface is im¬ 
portant as a point of reference. This point is not equal to the equivalence point in the 
solution as a completely stoichiometric crystal of silver iodide may show quite diffe¬ 
rent escaping tendencies for the two constituent ions. It is possible, however, to find a 
certain concentration of silver and iodide ions for which this difference in escaping 
tendency is just compensated. In very dilute aqueous solutions the point of zero charge 
IS then found at a Ag ion concentration of Cxg., 10-*/Vand an I-ion concentration 
Ci <^.10 ^/.Assuming provisionally that our considerations are restricted to dilute 
solutions where the /j., potential (cf ^ 3 d, p. 124) is a constant we may relate the double 
layer potential D to the concentration (activity) of the potential-determining ions. 



R T 
■ F 




Cl 

Cl 


(90) 


The zero point of charge is determined analytically (or with the aid of electrokine- 
fics, c/. chapter V). The potential difference in the double laver follows from eq. (90) 
A change of the /,, potential by a change m the liquid medium manifests itself in .t 
disp acement of the zero pcint of charge. This is comparable to the shift of the electro- 
capillary maximum m the mercury case. A change of the /potential as a function of 
e surface potential, that is as a function of the concentration of the potential-deter¬ 
mining ions, cannot be derived directly from the experiment, although there may be 

other indications making such a shift probable ^ ' 


A sense of T. B. Grim ley, Pr, 

A 201 (1950) 40 {sec M p. 138), we skill usually consider it .is a surfio 
considerations the difference is not essential. 

• E. L. Mackok, Rec. trav. <hm., 70 (1951) 763. 


Roy. Soc. London, 
charge. In many 
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a. Determinations of the zero point of charge 

The first — not very accurate — determination of the zero point of charge of silver 
iodide in water has been given by Frumkin and Obrutschowa *. They concluded from 
the maximum of adsorption of caprylic and hexylic acid to Agl that the zero point of 
charge was near the point of equivalence (Cas ; —Ci ~ 10“®). 

Lange and Berger - drew the same conclusion (ca^, • »^10 ") from titration curves. 

A more accurate determination has been carried out by Verwey and Kruyt®. 
Using a concentrated, well dialyzed silver iodide sol, they determined the change in 
adsorption of I-ions with the activity of the I-ions in the solution and found the follo¬ 
wing simple relation. 

f\- k log < 21 - T const. (91) 

As the double layer potential D depends linearly on log ai, eq. (91) seems to indi¬ 
cate that the double layer has a constant capacity. 

As the total charge of the sol was known by a potentiometric determination of the 
counter ions (H ’ ions) relation (91) can be extrapolated to /’’i- — 0, that is to the zero 
point of charge. This was found at a pi 10 or a pas = 6 thus clearly shifted to the 
silver side. 

From the greater stability of the negative Agl sol as compared to the positive one, 
KRUYTand Van Der Willigen * had also concluded that the zero point of charge was 
situated asymmetrically. By measurements of electrophoresis* and electro-osmosis’ 
nearly the same zero point has been found. 

Nagel ', using an abrasion electrode in which periodically the surface of a silver 
iodide electrode is scratched away, also found a zero point of charge near par =- 6. This 
method, which for solid substances should be equivalent to the direct determination of 
the charge with the dropping mercury electrode (see $ 5 b, p. 149), seems to be difficult 
to handle and has often led to false or uncontrollable conclusions. For literature, see 
Nagel, l.c. 

Special attention to the zero point of charge has been given by Kolthoff and 
Lingane'' and by Van Laar'®. They applied different methods which lead to concor¬ 
dant values for the zero point of charge. The methods used were: 

a. Mixing of very accurately measured quantities of AgNOa and KI and measuring 
of the resulting pxi... Only in the zero point of charge did the measured pAg coincide 
with the calculated one. 

b. Ageing oi the sol or suspension resulting in a decrease of the adsorbing surface. 
Only in tiie zero point of charge is no 1* or Ag“ liberated. 

c. Determination of I and Ag adsorption isotherms at several concentrations 


' A. Frumkin ond A. Obrutschowa, Biochem. Z-, 182 (1927) 220. 

* E. Lanci .it>d H. Berger, Z. Elektrochem., 36 (1930) 171, 980. 

® E- J. W. Verwey .-md H. R. Kruyt, Z- physik. Chem., A 167 (1934) 149. 

' P, “,-,P ak 

P. Kruyt P. C Van Drr Willicen, Z. physik. Chem., A 139 (1928) 53. 

H. H. Kri’> r .iJi J P. C. Van Der Willicen, l.c. 

' E. Langf .-md P. W. Crane, Z. physik. Chem., A 141 (1929) 225. 

‘ K. Nagel, Sir*, her. physik. mcd. Sojieiiic Etlitngen, 72 (1940/41) 127. 

I. M. Kolthoff and ]. J Lingane./. Am. Chem, Soc., 58 (1936) 1528. 

} A. W. Van Laap. unpublislied. 
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of indifferent electrolytes. The capacity of the double layer is changed, the adsorption 
will be different except in the zero point of charge. 

d. A charged suspension does influence the diffusion potential between two electro¬ 
lyte solutions, an uncharged suspension does not do so (suspension effect, see § 10 
p. 187). 

Table 3 gives a survey of the results obtained by the different methods from which 
Van Laar deduces a most probable value of the zero point of charge. 

TABLE 3 


Determinations of the zero point of charge of AcI in water 


1 

Method 

1 

Author 

p^g of zero charge 

Stability of sol 

Kruyt and Van Der Willigen 

< 8 

Electrophoresis 

Krityt and Van Der Willigen 

5 — 5.4 

Electro* osmosis 

Lance and Crane 

•5.4 

Adsorption of capillary active 



molecules 

Frumxin and Obrutschowa 

8 

Abrasion electrode 

Nagel 

6 

P adsorption and counter ion 



concentration 

Verwey and Kruyt 

6 

aKl + b AgNO, a Agl + 

1 Lance and Berger 

^8 

+ a KNOj r (b — a) AgNOj 



titration ! 

Kolthoff and Lingane 

5.85 

Ageing of interface 

Kolthoff and Lingane 

6.05 

• 

Van Laar 

1 5.50 

1 ' and Ag^ adsorption 

De Bruyn 

5.6 

with more or less indifferent 



electrolytes 

Van Laar 

5.52 

Suspension effect 

Van Laar 

5.6 

Best value 

Van Laar i 

5.52 


The zero point of charge is remarkably indifferent to electrolytes. By KNO., it 
is not shifted in concentrations up to 0.01 M and only a few millivolts by 1 M KNOj. 
Polyvalent ions and typically capillary active ions do shift the zero point of charge 
(Van Laar, /.c.). ” 


b. Adsorption isotherms 

Lance and Berger * established empirically that in many cases, including that of 
silver iodide, the adsorption of potential-determining ions obeys the equation 

jr — ft J In c ( 92 ) 

As 


AC A ^ 

A E ~ -- - J In c 

z F 


(93) 


eq. (92) would imply that the capacity of the double layer is a constant. 


‘ E. Lange and R. Berger, Z. EUklrochem., 36 (1930) 171. 
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Earlier experiments ‘ are in rather good accord with eq. (92), but later, more accu¬ 
rate experiments with silver iodide showed that the adsorption isotherm is less simple, 
consequently the capacity of the double layer is not a constant. 

The difficulties in getting reliable results in this field are at least twofold. In the 
first place, the adsorbing interface is prepared by chemical reaction between relatively 
large amounts of material, and the sol or precipitate must then be very thoroughly 
dialyzed or washed with great quantities of water before it is suitable for the experi¬ 
ments. Even very small amounts of impurities ® may accumulate at the interface and in 
this way impair the reliability of the results. 

A second difficulty is found in the sol-concentration effect discovered by De 
Bruyn which may radically disfigure potential measurements made in colloidal 



Fig. 31. Adsorption of potential-determining ions to Agl for different concentrations of electrolytes. 
Drawn curves KNO 3 NaNOa 7 : 1 (Van Laar) © NaClO* (Mackor) ©-NaNOa (Maocob). 


' E. Lance and R. Bebgeb, /.c.; E. J. W. Verwey and H. R. Kbuyt, Z. physik. Chem., A 167 (1933) 
149; A. Kellepmann and E. Lance, Kolloid-Z^, 81 (1937) 88, a review in which more literature is cited. 
See also thidem, 88 (1939) 341. 

^ See H. De Bruyn and J. Th. G. Overbeek, Kolloid^Z; 84 (1938) 186. 

* H. De Bruyn. Thesis, Utrecht 1938; Fee. trav. chim., 61 (1942) 12. 
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systems and which in the case of Agl-sols may lead to a completely false estimate of the 
electromctrically determined Ci or Cab- For further details of this effect, see § 10 of 
this chapter, p. 184. 

Adsorption of I or Ag' ions to Agl sol or suspension particles have been deter¬ 
mined for several different conditions. For an easy interpretation those experiments are 
preferred, in which the ionic strength is kept constant for each adsorption isotherm, 
as has been realized in the investigations by Van Laar ^ and by Mackor 

Van Laar used a mixture of KNOj and NaNOj as electrolyte. Mackor did a few 
experiments with NaNOj and a complete series with NaC 104 .The results for the diffe¬ 
rent electrolytes coincide as well as the experimental accuracy allows. In Fig. 31 the 
results of Mackor are given together with those of Van Laar. The two ordinate scales 
have been adjusted (the adsorbing surfaces are not known and are probably not equal) 
to the best possible fit. 

Ii will be shown on page 164 how an estimate of the absolute value of the ordinate scale could be made. 

De Bruyn who has done similar experiments, established that the specific 
influence of cations is very small. Adsorption isotherms for monovalent ions (K, Na) 
are indistinguishable. So are 
those of bivalent ones (Mg, Ba, 

Zn, Pb). A mutual comparison 
of monovalent and bivalent 
ions is difficult owing to their 
different influence on the ionic 
strength and on the diffuse part 
of the double layer. 


Beekley and Taylor on 
the contrary, find a very pron¬ 
ounced specific influence of the 
anions. Their curves (Fig. 32) 
cannot be compared to those of 
Fig. 31 because no indifferent 
electrolyte was present and the 
ionic strength thus was not con¬ 
stant. These results have been 
confirmed by Kellermann and Lance *. 



Fjg. 32. Specific influence of anions on the adsorption by Agl 


De Bruyn J also determined adsorption isotherms for different salt contents. His results differ from 
those of Van Laar and Mackor in that for high electrolyte concentrations (> 0.1 for monovalent 
ions, > O.CWl N for bi- and poly-valent ions) he always found the same practically linear adsorption 
Z of 'he molecular condenser. It is not certain, how- 

i^his «p«if^emr.^ concentration effect (§ 10, p. 184) have been sufficiently avoided 


* J. A. W. Van Laak, unpublished 

* E. L. Mackop, Rec. tmv. chim., 70 (1951) 763 

"■oi’ c/ii/n.,61 (1942) 21; Utrecht 1938. 

* J. S. Beekley and H. S. Taylor,/. Rhys. Chem., 29 (1925) 942. 

A. Kellermann and E. Lance, KoUoid-Z., 88 (1939) 341. 
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For a further interpretation of the adsorption curves of Fig. 31 and for a compari¬ 
son with the results on the mercury surface it is necessary to derive the differential 
capacity of the double layer by differentiation of the adsorption (charge) with respect 
to the double layer potential. The capacities obtained are given in Fig. 33a and the 
capacities of the double layer on mercury against NaF solutions in Fig. 33b. The two 
sets of curves resemble each other very much especially for dilute solutions. As in these 
solutions the diffuse parts of the double layer are preponderant and there is every reason 
to expect that the diffuse double layers will be identical for the two cases, the adsorp* 
tion scale in Fig. 31 and therewith the capacity scale in Fig. 33 have so been adjusted 
that the capacities for 0.001 N solutions at the zero point of charge are identical. 





*100 0 -100-200-XO mV *300 *200*100 0 -100 -200-SOO-iOO-SOO-OOOmV 

O b 

Fig. 33 a and b. Differential capacities of the double layer on Agl (a) and on 

mercury (b) in different salt-concentrations. 

The measurements on Agl in dilute solutions can then evidently be explained in 
exactly the same way as those on the mercury water interface. For the more concentra¬ 
ted solutions there are two evident deviations. 

In the first place there is the striking increase in the capacity on the silver side of 
the zero point of charge. Here the explanation is probably a pronounced specific adsorp¬ 
tion of the anions which is in agreement with the strong spreading between the curves 
for different anions (Fig. 32). One would expect that this adsorption makes itself still 
felt in the zero point of charge. In that case there would be a diffuse double layer present 
at the zero point of charge which could be detected by electrokinetic measurements. 
Such measurements have not yet been reported. 

In the second place we notice a decrease of the capacity especially for the 1 IV 
solution at high negative charges, reflecting the curvature of the 1 N curve (and to a 
lesser extent the 0.1 N curve) of Fig. 31 to the potential axis. A satisfactory explanation 
of this fact has not yet been given. 
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c. Influence of non-electrolytes on the charging curves 

According to§3d, p. 126, the potential difference between two phases in equili¬ 
brium is related to the chemical potentials of the potential-determining ions by the eq. 

A 9 = — A K. (94) 

Zi e 

In the zero point of charge there is no double layer due to inhomogeneous partition 
of ions and A 9 = Xu* Introducing the concentration dependence of the chemical 
potential in the solution, we may transform (94) into 



where A l'-* is the difference in standard chemical potentials of the i-ions between the 
two phases and c." the concentration (activity, if necessary) at the zero point of charge. 
It is clear that a zero point of charge may be shifted along the concentration scale both 


by a change in / or by a change in 

Of chorgt 


the standard chemical potentials 


iotubility 

product 


This is clearly demonstrated 
in an investigation by Mackor * 
on the influence of acetone on the 
Agl-water interface. He deter¬ 
mined the zero point of charge by 
electro-kinetic measurement and 
found a considerable shift as re¬ 
presented in Fig. 34. Especially 
small quantities of acetone shift the 
zero point of charge to the silver 
side, larger quantities shift it more 
gradually. The first shift is proba¬ 
bly connected with an oriented 
adsorption of acetone which chan¬ 
ges the Zij potential by about 250 
mV, the later gradual shift witli the 
change in chemical potential of 
the ions which manifests itself 
also in the change of the solubility 
product. 

The differential capacities in 
acetone and in acetone-water mix¬ 



wot^r SO aCfton^ 

mo/% 


Fig. 34. The change in ihe zero point of charge (full 
curve) and the solubility product (dotted curve) of 
Agl by addition of acetone. 


tures are smaller than in water 


(cv 5 i^F cm* for pure acetone) which may be brought into relation with the greater 
dimensions of the acetone molecule and its smaller dielectric constant. 


> E. L. Mackop, Pec. trav. chim., 70 (1951) 747. 
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§ 7. THE INTERFACES OIL-WATER AND AIR-WATER 


a. The interface between oil and water 


In principle the interface between two immiscible liquids seems to be an attractive 
object for investigation, especially if one remembers the successes obtained on the 
mercury-water interface. Practically the situation at the oil-water interface is much less 
simple and the experimental material available is rather restricted. The interface is not 
completely polarizable, like the mercury-water one. If we go to the other extreme of a 
completely reversible interface, then the situation is less favourable than in the case 
Agl-water. In the latter case the chemical potentials of the Ag and T ions in the 
solid phase are constant, but they can be varied at will in the aqueous phase. In the 
oil-water case the chemical potential of any added substance is a variable in both phases, 
and the two variations are coupled in such a way that a potential measurement with two 
reversible electrodes in the two phases does not tell us anything about the properties 
of the surface, as has been argued in § 3c, p. 123 and ^4e,p. 137. When instead of rever¬ 
sible electrodes salt bridges are used, the same argument can be given. Although in this 
case it is quite possible that a potential difference exists between the electrodes connec¬ 
ted to the salt bridges, this potential difference gives no information on the interfacial 
potential. 

Nevertheless such measurements have been done by Beutner ‘ c.a. and by Baur * 
c.a. with the following cell 



Hg,Cl, 


KCl 
in water 



I aqueous I KCl 1 „ 
j solution in water 



and they have found variations in the E.M.F. of several hundred millivolt by changing 
the ionic composition of the aqueous solution. 

These potential changes must be due to non-establishment of equilibrium between 
the oil and the aqueous solution, as has been shown clearly by Dean, Gatty and Rideal 
If e.g., an electrolyte with an oil-soluble cation like methylene blue is added to the 
aqueous solution then temporarily the oil phase gets a more positive potential, because 
the cation passes easily into the oil phase and drags the anion behind it. This potential 
difference dies slowly away upon completion of the diffusion process. 

Absorbed monolayers, e.g. of a protein on the interface give only a very transient 
change in E.M.F. irrespective of the fact whether they are applied to an equilibrium 
situation or to a system in v.’hich the diffusion has not yet come to an end. The potential 
difference caused by the monolayer is compensated by a slight rearrangement of ions 
near the interface and this process has only a time of relaxation of the order of a few 
minutes, the smaller the higher the specific conductance of the oil phase. 

Although in themselves these phenomena are interesting and may be important 
in the explanation of potential differences in living organisms (Beutner, Baur) and in 
the stability of emulsions, the available data are still so scarce and badly defined that 
anything more than this qualitative discussion would seem premature. 


' R. Beutner, Z. Elekirochem., 19 (1913) 319, 467; Z. pkysik. Chem., 87 (1914) 385; Proioplasma. 
19 (1933) 370. 

■ E. Baur, Z. Elektrochem., 19 (1913) 590; Pec. irav. chim., 42 (1923) 656; E. Baur and E. Alle- 
MAN, Z. Elcktroch€m., 32 (1926) 547. 

^ R. B. Dean, O. Gatty, and E. K. Rideal, Trans. Faraday Soc., 36 (1940) 161; R. B. Dean, 
ibidem, p. 166. 
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b. The air-water interface 

An equilibrium based on a distribution of potential determining ions is not possible 
between air and water through lack of ions in the air phase. A double layer, however, 
may be present at this interphase. As usual, an absolute value of the potential difference 
over this double layer cannot be determined (for a calculation see § 4a, p. 127) but it is 
possible to measure how this potential difference changes when the structure of the 
surface layer is changed by adsorption. 

The experimental methods used can all be considered as a comparison of the 
VoLTA-potentials, just outside a clean and a modified surface, under the assumption 
that the difference in composition of the bulk-liquids, is so small that the Galvani- 
potentialsarc equal (see Fig. 3, p. 124). Consequently the surface potentials are x-poten- 
tials or rather differences in /-potentials, where / of the clean surface is taken arbi¬ 
trarily zero. 

In the most extensively used method * the potential is determined between a 
calomel electrode connected through a salt bridge to the solution and a second electrode 
in the air just above the solution. This second electrode contains a radioactive prepara¬ 
tion, which, by its ionizing radiation, makes the air gap conducting enough to allow a 
measurement. 

The potential difference so measured is compared for a clean and a modified surface 
and the difference between the two is considered to be the surface potential. 

Instead of the radioactive electrode a vibrating electrode * may be used. By the 
change of distance the capacity between this electrode and the surface changes and if 
the electrode is not at the same potential as the surface, an alternating current flows in 
the circuit. 

A direct comparison * of the VoLTA-potcntials of the two liquid surfaces is also 
possible by letting a thin sheet of one liquid move along the wall of a narrow tube and 
a thin jet of the other liquid along the axis of the tube. Between electrodes placed in 
the reservoirs from which the two streams of liquid originate a potential difference can 
then be measured equal to the surface potential. 

Often these surface potentials V are interpreted as caused by a number of 
dipoles in the surface layer 

^ y 4 n n IX (96) 

If, for instance, from experiments on adsorption or spreading n, the number of 
molecules per cm- is known, the dipole moment ix per surface molecule can be calcula¬ 
ted. Evidently this dipole moment includes any changes in orientation of the superficial 
water layer and thus is not easily interpreted. 

Nevertheless some conclusions are possible *. With solutions of inorganic salts 
the outer surface is made (slightly) more negative. This would mean, that the anions 
are somewhat closer to the surface than the cations, the negative potential being in the 
Cl < Br • : I < CNS. This reminds one of the situation in electrocapillary 
work (§5d,p. 156), where indications have been found that the anions come closer to 


2 A ' 2 (1924) 506; A. Fbumkin, Z. physik. Chem., 116 (1925) 485 

y CA™ '• G-VAMms.„d W. A. Z.SMAN, 

j. ^ 1 (1933) 656; E. F. Porter,/ Am. Chem. Soc., 59 (1937) 1883. 

Ill (1924)'190ri2M 1926?321 ■ ■ *09 (1924) 34 ; 

* A. Frumkin, l.c. 
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the interface because they are more easily dehydrated. The strongly hydrated F^ion 
does not get easily to the surface, not more easily than a normal cation, with the conse¬ 
quence that fluorides show very small surface potentials. 

On the other hand many (undissociated) organic substances make the surface more 
positive, probably because usually the apolar part, which will be driven out of the water, 
is positive with respect to the more hydrophilic polar part. 

A curious case is that of the fatty acids. In the undissociated form they make the 
surface more positive. The dissociated soaps, however, make the surface more negative. 
Going from air to water we first pass the positive hydrocarbon chain, then the negative 
COO group and Anally the positive part of a diffuse double layer. 

That this double layer is at least partly of the diffuse type, is made very probable 
by the experiments of J. J. Hermans * who found electro-osmotic displacements along 
the air water interface, which are in good accord with the above cited measurements 
on the total potential. Hermans flnds, e.g.,that the water surface in clean water moves 
to the cathode and thus is positively charged. Addition of salts (NaCl, Na,S 04 , CaCl,, 
NajPO^) leads to a reversal of charge at a concentration of the order of 10-® N. On the 
other hand fatty acids, which make the total potential more positive, increase the electro- 
osmotic movement to the cathode. 

For more details on these air-water potentials especially in the case of spread mono- 
layers, see the excellent book by Adam -. 

§ 8. DOUBLE LAYERS ON OTHER SYSTEMS » (not treated in § 5, 6, 7) 

a. Platinum, activated carbon, platinized carbon 

The complicated behaviour of the interfaces Pt/HjO and C/HjO has been unra¬ 
velled by a long series of investigations. The most important contributions have been 
given by Bartell and Miller \ Frumkin « and his school, Kruyt and De Kadt *, 
Kolthoff s Verwey and De Boer ". 

‘ J. J. Hermans, Rec. irav. chim., 60 (1941) 747. 

* N. K. Adam, The physics and chemistry of surfaces, Oxford 1944. 

® A. Kellermann and E. Lance, KoUoid-Z., 81 (1937) 88; 90 (1940) 89. 

‘ F. E. Bartell and E. J. Miller,/. Am. Chem. Soc., 44 (1922) 1866; 45 (1923) J-Phys. 
Chem.. 28 (1924) 992; E. J. Miller,/. Am. Chem. 5oc., 46 (1924) 1150; 47 (1925) 1270. 

^ Carbon 

B. Bruns and A. Frumkin, Z. physik. Chem., A 141 (1929) 141; 147 (1930) 125; R. Bufstein and 
A. Frumkin, ibidem, A 141 (1929) 158; R. Burstein, A. Frumkin, D. Lawrowskaja, ibidem, 150 (1930) 
421; A. Frumkin, /Co(/oid-Z., 51 (1930) 123; N. Bach and A. Zimin, Acta Physicochim. if.R.S.S., 7 
(1937) 451; B. Bruns, R. Burstein, N. Fedotow, M. Liwschitz, ibidem. 8 (1938) 47; S. Petrov, 
R. Burstein, P. Kiseleva, Acta Physicochim. U.R.S.S.. 9 (1939) 59. 

Platinum 

N. Bach and N. Balashova, Acta Physicochim. U.R.S.S.. 3 (1935) 79; 7 (1937) 899; Nature, 137 
(1936) 716; A. Frumkin, Trans. Faraday Soc., 31 (1935) 69; B. V. Ershler and M. Pposkurnin, Acta 
Physicochim. U.R.S.S.. 6 (1937) 195; B. V. Ershler, i6i*m, 7 (1937) 327; B. V. Ershler, G.Deborin 
and A. Frumkin, ibidem, 8 (1938) 565; N. Balaschova and A. Frumkin, Compt. rend. acad. sci. 
U.R.S.S., 20 (1938) 449; B.V. Erhsler and A. Frumkin, Trans. Faraday Soc., 35 (1939) 464; A. 
Frumkin. ibidem, 36 (1940) 117. 

® H. R. Kruyt, and G. S. De Kadt, Kolloid-Z., 47 (1929) 44; KoUoidchem. Beihefte. 32 (1931) 
249; H. R. Kruyt and T. Kruyt, Proc. Koninkl. Nederland. Akad. Wetenschap., 38 (1935) 570. 

• I. M. Kolthoff, Z. Elektrochem.. 33 (1927) 497; Rec. Irav. chim., 46 (1927) 552;/. Am. Chem. 
Soc., 54 (1932) 4476; I. M. Kolthoff and T. Kameda, /. Am. Chem. Soc.. 51 (1929) 2888. 

^ E. I- W. Verwey and J. H. De Boer, Rec. trav. chim., 55 (1936) 681. 
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The conclusions from the work by these authors is that carbon, platinum and 
probably also gold beh.ive as gas (hydrogen or oxygen) electrodes. Hydrogen and 
hydroxyl ions may consequently be considered as the potential-determining ions. 

One of the big difficulties in this investigation has been that under oxidizing con¬ 
ditions surface oxides are formed, which strongly influence the /.-potential. Moreover 
the reversible oxygen potential is seldom reached, which makes quantitative predictions 
still more difficult. 

When the carbon or platinum surface is prepared under exclusion of oxygen and 
the interface with water investigated in a hydrogen atmosphere, the zero point of 
charge is found in both cases near pH ^ 0. For (slightly platinized) carbon ' Petrov, 



Fig. 35. Sketch of double layer potential as a function of p„ and 
atmosphere. The curve for the reversible potential of carbon in 
oxygen is given. In fact the reversible potential is not reached and 
the zero point of charge lies at p„ — 14 instead of at p„ 21. 

(See B. Bruns, R. Burstein, N. Fedotow, and M. Liuschitz, Acta 

physicochimica U.R.S.S.. 8 (1938) 56). 


Burstein, and Kiseleva (/.c.) find —0.027 V with respect to the normal hydrogen 
electrode as the zero point of charge. For platinum ^ it is ■ 0.12 V. This means that in a 
hydrogen atmosphere carbon is positively charged below pn 0.5 and negatively at 
higher pH. Platinum in hydrogen is negatively charged at any accessible pH. When the 
hydrogen atmosphere is replaced by oxygen, the reversible potential increases by 1.23 
volt or in other words it is necessary to make the pH 1.23 : 0.058 = 21 higher in order 
to arrive again at the zero point of charge 


..f } *s «sumed here, that ihe /-poienhal remains unaltered. This implies, of course, that the amounts 

remain lov,-and that the poiential-dctermming process is a transition 
of electrons between the metal and the redox system (H H, or OH O.) m the solution. 


8 (1938)^47‘'‘° ^ Fedotow. and M. Liwschitz. Aaa Physico,f,i,n. U.R.S.S.. 

^ A Fpvmkin. Trans Faraday Soc.. 36 (1940) 117; A. SuvciN. A.Fru.mkin, and W MrowtoowsKv 

' ^ A. Frumki.n .md A. Slvcn, ih.dem. 5 (1936^^19 B 

3 in f Liwschitz (/.c.), mdicue a value of 0.24 for pJaiuu.m 

In fact the reversible potential js not reached. The zero point of charge is found neir on 11 

56 ^ * Bupstein. N.Fcdotow, and M. Liwschitz, Aaa PhysL. hm 
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Consequently in oxygen at any accessible pH, C and Pt are positively charged. 
However, an oxidizing atmosphere platinum is soon covered by a chemically bound 
oxide layer. With carbon this oxide layer is only very slowly formed at room tempera- 
turc, but It can be formed by heating the carbon in oxygen at about 400® C. Now this 
oxide layer causes an extra /-potential at the interface which may easily reach a value ‘ 

of more than one volt and which turns its negative 
side to the liquid. This shifts the zero point of 
charge again to very low values of the pH and con¬ 
sequently the surface charge again becomes nega¬ 
tive. This behaviour is represented schematically in 
Fig. 35. 

A very typical experiment in which the forma¬ 
tion of this surface oxide is evident, has been des¬ 
cribed by Balaschowa and Frumkin®. They placed 
a platinum wire in a solution, applied an electric 
field perpendicular to the wire, and measured its 
electrophoretic deflection at different polarizing 
potentials. In Fig. 36 curves 1 and 2, valid for HCl 
and HjSO^ (2 • 10“® N), show the normal zero point 
of charge at a positive polarization between 0.1 and 
0.2 volts. At increasing positive potential the elec¬ 
trophoretic velocity first increases then goes through 
a maximum and even reverses in sign. This means 
that at an anodic polarization of somewhat more 
than 0.4 volt the formation of the platinum oxide 
layer will start. 

Experiments* with platinum sols in hydrogen and oxygen atmospheres fully 
confirmed this point of view. 

The phenomena with charcoal have often been investigated with the help of 
adsorption measurements. It was found then that carbon heated to about 1000® C in 
hydrogen or vacuum adsorbed bases even from neutral salts (hydrolytic adsorption). 
Acids were only adsorbed at very high concentrations. 

When at room temperature oxygen was admitted instead of hydrogen, adsorption 
of acids was found. Carbon which had been heated in oxygen at 300° or 400^C, adsor¬ 
bed both bases and acids *. The explanation is simple in the light of Fig. 35 and Fig. 37. 
Pure carbon in hydrogen must be negatively charged (see Fig. 35). It takes the electrons 
necessary for this charge from OH ions. The discharged ions form water with hydrogen. 
Sodium ions are the counter ions. For the other situations the explanation is similar. 

Theoretically the oxidized carbon should only adsorb bases. In practice both acids and bases are 
adsorbed. This is because oxidized carbon never has a uniform surface. In the oxidation process at 
300 —400 , there arc always moments in which a new carbon surface is set free and so in the surface 
oxidized places are intermingled with the pure carbon surface. 



polarizing tension in volts with respect 
to the normal hydrogen electrode. 

1 HCl 2 • 10-' N-. 2 HjSO, 2 ■ 10-* N 


’ E. J. W. Verwey and J. H. De Boer, l.c., 

• N. Balaschowa and A. Fbumkin, Compi. rend. Acad. Set. U.R.S.S., 20 (1938) 449. 

® N. Bach and N. Balaschowa, l.c. 

* H- R. Kruyt and T. Kruyt, Proc. Koninkl. Nederland. Akad. Wetenschap., 38 (1935) 570. 
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From the reaction equations in Fig. 37 it follows that together with the adsorption 
of acids or bases a certain amount of hydrogen or oxygen is bound or liberated. This 
was confirmed in the experiments of Bruns, Frumkin and others 

Adsorption isotherms as a function of pH have been determined by Bruns, 



• 

iV«* 


CARBON in HYDROOEN - 


No* 

Hg*20H~~^ 2Hy0*20 



/*u 

He* 



CARBON it! OXrOEN 



OXYDUED CARBON 
In OXrOEN 


% 

"I 






-> q-No* 


*0H^2Hg0*i0-t-02 


Fig. 37. Adsorption at carbon in different states and in different 
atmospheres. In the first two cases hydrogen or oxygen is bound 
in the adsorption, in the last case oxygen is liberated. 


Burstcin, Fedotow and Liwschitz *. In the presence of 0.5 molar solutions of NaCl. 
Na^SO, or Nal the adsorbed quantity of base on platinized carbon in H. is linearly 
dependent on the pH of the solution, except at very low pH where also a difference 
between the different curves can be seen (Fig. 33). These curves imply that the double 
ayer capacity on negative carbon is constant, independent of the anion, except at very 
low potentials where the capacity increases due to specific adsorption of the anions in 
the order I ^ Cl > SO, . The adsorption curves on carbon in an oxyeen 
atmosphere are still rather difficult to explain». This carbon, which is positively char¬ 
ged shows a very pronounced spreading in the adsorption of anions ‘ which reminds 
us of the behaviour of the Hg and the Agl surfaces in this respect. 

The order of adsorption found by Kolthoff is 


CNS" > r 


NOj ■> 10, Bt sig Cl s»C10, "^SO, 


measurements of adsorption or capacity are available on 

hvHrnl trend of the capacity is a very high capacity near the 

ydrogen discharge potential and near the reversible oxygen potential. Between th^se 


cZ.’ ri4M?9297l4L £ns rn^rF^Mx^i. 

! E’ ^tJ^STEiN, N. Fedotow. and M. Liwschitz. I c 

* H. R. Kruyt and G. S. De Kadt, l.c. 

‘•A f 33 (1927) 497; Fee. trav. chim.. 46 (1927) 549 

A. Frumkin and A. Slycin. Acta Phyticochim. U.R.S.S., 4 (1936) 911. 
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two extremes a region of low capacity due to pure double layer phenomena is present. 
Ershler * succeeded in measuring the capacity of bright platinum electrodes and 
found in principle the same behaviour as with platinized electrodes. The capacities in 
the double layer were still difficult to evaluate exactly, due to a certain lack of reversibi¬ 
lity in the experiments with the 



smooth electrode. They seemed, 
however, to be of the same order of 
magnitude 20 fx F/cm*) as in the 
double layers on mercury or Agl. 

b. Gold 

The structure of the double 
layer on gold would be expected to 
be of the same type as that on pla¬ 
tinum, that is the potential-deter¬ 
mining process is the equilibrium 
between the metal and the redox 
system H* , OH“, H, and Oj. 

Our data on the double layer 
on gold are exclusively derived from 
experiments on gold sols and their 
stability, and there this strict elec¬ 
trochemical point of view has scar¬ 
cely been taken into consideration. 


Fig. 38. Adsorption at platinized carbon in hydrogen 
atmosphere as a function of pi<. 

# ■ A Na.SO,, + = NaCl, # — Nal. 


Investigations on the structure 
of the double layer of gold have been 
made especially by Pauli* and his 
school. Pauli reachesthe conclusion. 


that the ionic part of the double layer is built up from (AuCL) or (AuClOH) ions 
adsorbed to the particles and positive counter ions. The argumentation is completely 
different from that used in the foregoing subsection and the two methods of approach 
are difficult to compare. Pauli's experiments usually start with very pure concentrated 
sols prepared by electrodialysis and electrodecantation * (see chapter II, § 3, p. 72). 

The chemical structure of the double layer is determined by chemical analysis 
often after coagulation of the sol. Usually Pauli finds a very large number of charges 
per cm* of surface of the sol, which in the language of the previous sections would mean 


an extremely high capacity. 

However, Wiktgen and Hacker * could show that in electrodecantation probably 


» B. V. Ershlep. Acta Physicochim. U.R.S.S.. 7 (1937) 327; B. V. Erhsleh and M. Pposkurnin, 

ibidem. 6 (1937) 195. ir v a 7 

Pauli, Trans. Faraday Sac.. 31 (1935) II; W. Pauli, E.Russep, and E. BRUNNER,/Co/toid-.4., 


72 (1934) 26. . ^ u w d*,ih 

'' This powerful method of purification and concentration of sols was introduced by W. faum, 

Naiurwissenschaften, 30 (1932) 555. See also H. De Bhoyn and S. A. Tpoelstoa, Kolloid-Z.. 84 (19^81 


192. 

‘ R. WiNTGEN and W. Hacker, Kolloid-Z., 61 (1932) 335; 


confirmed by S. A. Thoelstra for I 


ions in the Agl-sol, Thesis, Utrecht 1941, p. 25. 
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also non-colloidal electrolytes are concentrated in the bottom-layer (sol-layer) so that 
perhaps the major part of the intermicellar electrolytes is erroneously considered as 
constituting the double layer. 

From the author’s point of view the situation at this moment is that the chloro- 
complexes may be involved in the double layer (strong chemisorption) and stability 
of gold sols, but that the structure of the double layers has not yet been elucidated. 

c. Silver 

The zero point of charge of pure silver with respect to silver ions has been deter¬ 
mined by PROSKURNIN and Frumkin ». The silver had been etched by HNO 3 and after 
that, it had been heated to 400 C first in a hydrogen atmosphere, then in a vacuum. 
The zero point of charge in 1 TV KNO 3 was found at a silver ion concentration of 
1.5 • 10-‘ TV. This is in reasonable agreement with the value found byBENNEWiTZ^ 
who, however, used a method which has been repeatedly criticized®. Later Veselovsky \ 
also from the school of Frumkin repeated the adsorption measurements-and found a 
zero point of charge in the neighbourhood of = 10-‘®TV. He ascribes the higher 
Ag' concentration found by Frumkin to oxidation of the silver. 

The capacity of the silver has been estimated both by Proskurnin and Frumkin 
and by Veselovsky. For an etched electrode 7000 fx F/cm* was found and even for a 
smooth electrode the minimum capacity (in 0.1 TV KNO 3 ) was 100 -l F, cm®, suggesting 
either a pronounced roughness of the “smooth” electrode or contribution to the capa¬ 
city of other phenomena than the formation of the double layer. 

With a metal, which, like silver, is not very precious, extra care should be exercized 
m the interpretations because it is not a priori known which of the two possible poten¬ 
tial-determining mechanisms (Ag Ag or 0,/OH') is the actual one. The elec¬ 
trode potential of Ag/1 TV Ag is • 0.80 V and that of the oxygen electrode (1 atm) 
at pH == 7 has practically the same value. Consequently at lower silver ion concentra¬ 
tions, higher oxygen pressures or lower pH silver may be oxidized, thus changing the 
composition of the system. 

In an investigation on the stability of silver sols Kruyt and Van Nouhuys ® con- 

clude that independently of the atmosphere (oxygen, however, not rigorously excluded) 

the silver is covered by a layer of argentate ions (AgO ). This would be indistinguish- 

able from the presence of a surface oxide combined with free electrons or a desorption 

01 Ag . One gets the impression that both the silver ion and the pH (OH ion) are 

potential-determining but the situation is not made clear. A zero point of charge has 
not been found. 


d. Silver halides 

Afterthe extensive treatment of silver iodide in 6 , p. 159 we may be very brief 
a out the other silver halides. They have been much less extensively investigated and 
t le results obtained only differ from those for Agl m a quantitative sense. 


M. Proskurnin and A. Frc.mkin, Z- physik. Chem.. A 155 (1931) 29. 

K. Bennewitz, 2. Chem.. 124 (1926) 115. 

I r/ ^e«C£R, Z. Elehuoebem., 36 (1930) 980; M. Proskurnin and A. Frumkin, l.c 

3 u ^ Acta Physicochtm. U.R.S.S.. 11 (1939) 815. 

«• R. Kruyt and H. L. Van Nouhuys. KoUoid-Z., 92 (1940) 325. 
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Lottermoser and Petersen ^ determined the adsorption of potential-determining 
ions for AgCI, AgBr, AgCNS. Their measurements have been recalculated by Keller- 
MANN and Lange *. 

Basinski ® carried out a more complete investigation on concentrated silver bro¬ 
mide sols. The zero point of charge was situated slightly asymmetrically at a Br“ion 
concentration of 2-4 • 10~’ N and a Ag'^ion concentration of 1-2 • lO* N. The 
adsorption isotherms resemble those of the Agl sols. The capacity of the double layer 
is of the order of 10 'ip. This value is rather uncertain owing to the difficulty of the esti¬ 
mation of the total interface of the sol particles. 

JoNKER * determined the zero point of charge for AgCl from the stability of AgCl 
sols at pA- oc 4. 

For further information on the silver halides see also chapter V, Electrokinetic 
phenomena, § 9 b. 3, p. 231. 


e. Lead salts 

Lead salts have formed a favourite object of investigation because the adsorption 
of the potential-determining lead ions can easily be followed by the method of radioactive 
indicators (ThB). The first investigations in this direction were from Paneth and 
VoRWERK Later the method was applied by Imre * and by Kolthoff The latter also 
applied several other methods of adsorption measurement on PbS04. 

Paneth and Imre report adsorption of Pb+‘'- to the insoluble salts of Pb. Kolt¬ 
hoff and Rosenblum ’ only find an exchange between the solution and the Pb++ ions 
in the surface but no measurable adsorption. 

In very fresh precipitates of PbSO,, Kolthoff ’ and collaborators find not only a rapid exchange 
with the surface ions but also the Pb"*"*" in the interior of the crystals is freely exchanged against the 
ions in the solution. 

Zero points of charge do not seem to have been determined. The adsorption measu¬ 
rements by Paneth and Imre have been recalculated by Kellermann and Lange * 
who found in all cases investigated a constant capacity of the double layer, usually for a 
change in the Pb+-»- concentration over a factor 10 or 10*, that is equivalent to a change 
in potential of only 30 or 60 mV. The salts investigated are PbS 04 (rather extensively), 
PbCrOo PbL. PbBrj, PbClj. 


f. Barium sulphate 

Adsorption phenomena at BaS 04 have been repeatedly investigated particularly 
by Kolthoff and his collaborators and by Miss De Brouckere. A rather sharp contro¬ 
versy * between these two investigators has occurred on the existence of true "equi- 


' A. Lottermoser and W. Petersen, Z. physik. Chem., 133 (1928) 69. 

* A. Kellermann and E. Lance, KoUoid-Z., 81 (1937) 88. 

A. Basinski, Rec. trav. chim., 59 (1940) 331; 60 (1941) 267. 

^ G. H. JoNKER, Thesis, Utrecht 1943, p. 40. 

' F. Paneth and H. Vorwerk, Z. physik. Chem., 101 (1922) 445. 

'■ L. Imre, Z.physik. Chem.. A 171 (1934) 239; A 177 (1936) 409; Trans. Faraday Soc..33 (1937) 571. 

I. M. Kolthoff and Ch. Rosenblum, /. Am. Chem. Soc., 55 (1933) 2656. 

' A. Kellermann and E. Lance, KoUoid-Z., 81 (1937) 88. 

I. M. Kolthoff. Chem. Weekblad, 31 (1934) 244; 33 (1936) 321; I. M. Kolthoff and A. H. 
Bushev, ibidem, 36 (1939) 51; Bull. soc. chim. Belg., 47 (1938) 689; L. De Brouckere, Chem. Week¬ 
blad, 33 (1936) 104; BuU. sac. chim. Belg., 47 (1938) 702. 
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valent" adsorption of non-potential-determining salts and on the magnitude of the 
surface of the barium sulphate which according to Kolthoff is of the order of 1 m^' 
gram and according to Miss De Brouckebe about 60 m®/gram. 

Kolthoff and Me Nevin ‘ determined among other things the adsorption of 
Ba++ and Pb++ on BaSO*, which they found negligible except when the solvent 
was 50% ethanol instead of water. In all media the exchange between ions in the solu¬ 
tion and those in the surface was evident. 

Adsorptions were determined of BafBrO,)., Ba(N 03 ) 63 ( 004 )., BaO^, BaBr., 
BaL, Ba(CNS) 2 , (HCOO) 2 Ba. In none of these cases was the capacity of the double 
layer a constant. The adsorption could be described by the adsorption isotherm of 
Freundlich. Translated, this means that the capacity at higher concentrations of Ba+ + 
becomes relatively larger, which is qualitatively in accord with a Gouv-type of double 
layer firstly because for higher potentials the capacity should be larger, and secondly 
because by addition of the salts the ionic concentration increases, which also increases 
the capacity of a diffuse double layer. 

Apart from the adsorption of potential-determining ions and the exchange adsorp¬ 
tion of counter ions (see § 9) examples of equivalent adsorption of non-potential-deter¬ 
mining electrolyte have been reported. 

Miss De Brouckebe® finds adsorptions for many chlorides, the adsorption being 
roughly proportional to the concentration. Kolthoff and McNevin (/.c.) mention a 
similar adsorption of KBrOa and CaOHBrOa from 50“o ethanol. 

Electrokinetic measurements on BaS 04 also lead to the conclusion that Ba+ + 
and SO 4 are the potential-determining ions. The zero point of charge seems to be 
dependent upon the age and origin of the specimen used ’. 


g. Iron oxide 

Troelstba * investigated the adsorption on a hydrophobic sol of iron oxide. This 
had been prepared by heating a normal hydrated iron oxide sol to 150 —16C Cm an 
autoclave. The particles are then transformed into pure hematite (a Fe.Oj. The sol 
has an acid reaction and the particles are positively charged with Cl - as gegenions. If 
the pH is increased, a zero point of charge is reached at about pH 8 . The adsorption 
phenomena are, however, rather complicated probably owing to the presence of 
complexes like FeOCl etc. 


§ 9. ION EXCHANGE 

Only in the simplest cases is the double layer built up from the ions of a single salt. 
In this section we shall consider the distribution of ions when two or more salts are 
present. If the double layer structure is accurately known, this distribution is not diffi¬ 
cult to work out. But m many cases when details of double layer structure are lacking, 


I. M. Kolthoff anJ W. M. Me Nevi.n,/ Am. Chem. Soc., 58 (1936) 1543 
7-j. - n /• ’ 25 (1928) 605; 26 (1929) 250; 27 (1930) 541; 

' 19 (1933) 79; Bull. soc. chim. Bil^t<juc, 45 (1936) 353, 

^ Nederland. Akad. Welenschap., 37 (1934) 624 A S 

* 161 (1948)648.691; 7-Co/W Sci.. 4 (1949) 137 151 157 R 

Ruvssen and^R. Loos, Nature, 162 (1948) 741; See also chapier V § 9h 3 p 231 
* S. A. Troelstra, r/»e5n, Utrecht 1941. . 1 

" A. Von Bciach, Kolloid-Z-, 66 (1934) 129; 78 (1937) 284. 
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one remains nevertheless interested in the ion exchange and asks for a simple descrip¬ 
tion of this phenomenon. This is especially true in technical applications of ion exchan¬ 
ges, when often the exchanged ions are not only situated in a double layer but are more 
or less uniformly distributed throughout the whole mass of the exchanger. We shall 
not, however, treat the exchange of true lattice partners, that has been extensively 
studied by Kolthoff ^ 

This exchange of lattice ions is usually only present to any considerable extent in very young pre¬ 
cipitates. Therefore equilibrium phenomena are not easily observed here and in the kinetics, there is 
only a remote connection with the problems of exchange in double layers. 


Historically ion exchange is important because for a long time the stability of 
hydrophobic colloids was considered to be determined by the amount of adsorption 
of the flocculating ion It was only after the accurate adsorption experiments of 
Freundlich, Joachimsohn, and Ettisch® and the exchange experiments of Verwey 

and Kruyt®, that Freih^dlich's original 
I theory of the stability could definitely 
be considered to be disproved. 


a. Ion exchange in the diffuse 
double layer 

From a theoretical point of view the 
simplest case of ion exchange is that for 
a pure diffuse (Gouy) double layer, where 
all specificity of the ions, except their 
valency can be neglected. If for instance 
negatively charged particles are present 
in a solution containing two different 
kinds of monovalent cations, the concen¬ 
tration ratio of these ions at any point of 
the double layer should be the same as 
their concentration ratio in the bulk of 
the liquid and the ion exchange is given 
by the simple law 

= il (97) 


*1 * -^ when Xi and Xj are the amount of the 

f ^ j ions 1 and 2 in the double layer, Ci and 

Fig. 39. Concentration of positive (a) and negative . • 

(b) ions in the double layer aVa negative plane wall. ‘^2 their concentrations in the bulk of 

the liquid. 

When one of the counter ions is monovalent and the other divalent, the ion 
exchange will be greatly shifted in the direction of the divalent ion which will be very 
preponderently accumulated in places of negative potential. 


' I. M. Kolthoff and Ch. Rosenblum, Phys. Rev., 45 (1934) 341; 47 (1935) 631;/. Am. Cfiem. 
Soc., 56 (1934) 1264, 1658; 57 (1935) 597, 607, 2573, 2577; 58 (1936) 116, 121. 

2 H. pREirnDLiCH, Z. physik. Chem., 74 (1910) 385. 

3 H. Freundlich, K. Joachimsohn, and G. EmsCH, Z. physik. Chem., A 141 (1929) 249. 

* E. J. W. Verwey and H. R. Kruyt, Z. physik. Chem., A 167 (1934) 312. 




ION EXCHANGE 


177 


§ 9 


Van Os ' has worked this problem out. In the first place it must be decided, which 
part of the ions belongs to the double layer and which part to the intermicellar liquid. 
Fig. 39 gives the distribution of positive and negative ions near a plane wall of negative 
charge. Two choices for the "ions belonging to the double layer” present themselves. 

One possibility is to take the ions corresponding to the surface A,C|Di, that are 
the excess counter ions, just compensating the surface charge. 

The other choice would be the surface EiCiD,, being the surplus of counter ions 
above the bulk concentration. 

Translating these choices into adsorption language [P, see § 2, p. 118) the first 
possibility means that the adsorption is related to the ions bearing the same charge as 
the wall, which are thus considered to have zero adsorption. In the second choice the 
solvent is taken as the reference substance. 

Although customarily adsorptions are referred to the solvent, in ion exchange the 
other choice is the usual one, because in this way an amount of charge equivalent to 
the surface charge is considered as exchangeable and this choice is in line with the 
normal analytical procedures. 

In discussing ion exchange between monovalent and divalent ions Van Os considers 
a diffuse double layer at a negatively charged plane wall in equilibrium with a solution 



' G. A. J. Van Os. Theus, Uirecht 1943. 
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containing two different salts 1 and 2 of molar concentrations tii and The first salt is 
dissociated in 1 positive and 1 negative ion (both monovalent), the second salt in 1 
divalent positive and 2 monovalent negative ions. 

The excess of charge of the first cation over the first anion at a place where the 
potential is equal to is given by 

HiF { exp (- e - expfe ^/fcr) ) (98) 

and the excess of charge for the second salt by 

n.F { 2exp(-2e-;/itT)-2exp(+ci/*.r)) (99) 

The ratio of the two excesses is found by integrating expression (98) and (99) over the 
whole double layer. Skipping the calculations we immediately give the result in Fig. 40. 
The exchange proves to depend only upon the surface potential and upon the concen¬ 
tration ratio in the solution, not upon the absolute values of the concentrations. Espe¬ 
cially for high potentials the distribution is very onesided with the divalent ions in the 
double layer. Between the curves for = 205.3 mV. and = 154.0 mV. experi¬ 
mental points are inserted, found by Van Os ‘ for the exchange of HNOj against 
Ba(N 03 )j in the double layer of a silver iodide sol. 



Fig. 41. Exchange Na'^ - H-^ in the double layer of Agl-sol. 

From the same investigation Fig. 41 gives an example of the exchange of Na+ 
against H+ ions in the double layer of Agl. The linearity is very convincing. 


* For the technique used, see also Ch. V., § 13, p, 240. 
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A somewhat more indirect example is found in the conductometric titration of 
counterionsinsols.lt will be shown in Ch.V,§ 13, p. 238 that the counter ions give a 
contribution to the conductivity of the sol. This contribution is small for the ions near 



Fig. 42. Conductometric titration of an acid Agl-sol with NaOH. 

the wall and larger to the periphery of the double layer. If NaOH is added to a sol con¬ 
taining ions as counter ions, the ions are replaced by Na ions and the con¬ 
ductivity decreases. When this decrease is strictly linear in the amount of base added 



Fig. 43. Conductometric titration of .in acid Agl-soI with Ba (OH).. 


10 
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this proves that the Na+ and H+ ions are completely equivalent in the double layer. 
With the Agl-sol the titration line is indeed straight *. See Fig. 42. 

If the titration is performed with Ba(OH) 2 , however, the titration line is curved, 



Fig. 44. Conductomecric titration of aluminium oxide sols containing Cl" as counter ions with 

monovalent and divalent silver salts. 


because in the beginning the innermost H+ ions which contribute little to the conduc¬ 
tivity are replaced by Ba'*"*' ions and only in the later stages of the neutralization arc 
the quicker moving outermost H+ ions replaced (see Fig. 43). 

The mirror image of the above treated titration is found in the reaction of positive 
sols containing Cl counter ions with silver salts * (Fig. 44). 


‘ E. J. W. Verwey and H. R. Khuyt, Z. physik. Chem.. A 167 (1933) 149 ; H. De Bbuyn and 
J. Th. G. Overbeek, Kolloid-Z-, 84 (1938) 186; G. A. J. Van Os, Thesis, Utrecht 1943. 

* W. Pauli, Trans. Faraday Soc., 31 (1935) 11. 
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b. Specific influences in ion exchange 

In most cases of ion exchange, specific influences play a much more prominent 
part than in the cases treated in the foregoing subsection. Even in the exchange of 
monovalent cations at a silver iodide surface (Van Os, l.c.) a slight specificity can be 
detected, the preference for the double layer being in the order Rb"^, K"*", Na+, Li+, 
H+. Usually the specific influences are much larger as is illustrated for instance in 
Fig. 45 taken from Jenny's * work on the cation exchange in zeolites. 

It is clear, that, when specific differences between ions of the same valency play a 
role, the simple theoretical treatment based on a pure Gouy layer loses its applicability. 
It would seem obvious to extend the theory so as to cover also the presence of a Stern 
layer. However, as far as the author is aware this has never been done. This may be 
connected with the fact that in practice bulk exchangers are used more often than those 
where only the surface is active. Therefore other kinds of treatment than a refinement 
of the double layer considerations seem to impose themselves. 

A great number of exchange equations have been proposed. For the exchange 
between two monovalent ions they all (at least the more serious of them) come to a 
modified equation (97), p. 176. 



which expresses the fact that the exchange remains a function of the concentration ratio 
with a preference for the ion 1, expressed by the coefficient /. This coefficient may be 
seen as expressing the differences in normalized free energy between the two sorts of 
ions on the adsorber 


/ = e kf 


( 101 ) 


For the extreme case where the whole double layer is concentrated in the Stern 
layer, the factor / may also be seen as an expression for the differences in the Stern 
adsorption potentials 


vi — 

/ = c kT 


One might argue, that introduction of activities Into eq. (100) instead of concentrations might be 
necessary. For monovalent ions, however, the ratio of the activity coefficients of the ions (as far as they 
are known) is unity and a correction becomes meaningless. 


A greater variety of exchange equations is found for the exchange between ions of 
different valency. 

In the first place eq. (100) is used unmodified. 

An empirical equation based on Freundlich’s adsorption isotherm (which by the 


' H. Jenny,/. Phys. Chem.. 36 (1932) 2217. 

2 E. J. W. Verwey. Thesis. Utrecht 1934, p. 27. 
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way has nothing to do with ion exchange) of the following form (eq. 102) has been given 
by Rothmund and Kornfeld K 



( 102 ) 



Fig. 45. Exchange of counter ions of a NH'J permutite against other monovalent ions. 

If the exchange equilibrium is written in the form (X is the exchanger) 

Me + +,oi + 2 Me+X 2 Me+.«i Me^+X. 
application of the law of mass action leads to the equation * 

(103) 

Gapon ’ considered the exchange kinetically and based on this treatment derived 
eq.(104) 

XMe"*" , CMe"*" (104) 


= / 


In the treatments for the exchange of ions of different valency the applications of 
activity coefficients is more important than when only ions of one valency are consi¬ 
dered. Several treatments both for the activity in the solution phase and for that in the 
exchanger have been proposed. For this subject we may refer to monographic treat¬ 
ments of ion exchange *. 


' V. Rothmund and G. Kornfeld, Z. anorg. u. allgem. Chem., 103 (1918) 129; 108 (1919) 215. 

- H. W. Kerb, }. Am. Soc. Agron., 20 (1928) 309; Soil Sci., 26 (1928) 384. 

‘E. N. Capon,/. Gen. Chem. U.S.S.R.. 3 (1933) 144. 

' F. C. Nachod, Ion exchange, Theory and appficarion. New York 1949. R. J. Mijers, Advance 
in Colloid Science /, New York 1942. A series of papers by various authors connected with the 
Plutonium project,/. Am. Chem. Soc., 69 (1947) 2796, 2881. 
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There is neither a clear cut experimental decision, nor are the theoretical deriva¬ 
tions sound enough to choose one out of the above equations. 

Especially for the more homogeneous exchangers perhaps eq. (103) or one of its 
modifications which takes activities into account is the most promising. 

Boyd, Schubert and Adamson * found relation (103) valid for a sulphonic acid 
resin and could express the affinities of different ions for the exchanger in the form of 
standard free energies of the reaction equation 

Me + + HX ^ H + -h McX. See Table 4. 


standard FREE ENERGIES FOB THE REACTION Me'^ •: HX MeX + H' 

TABLE 4 


Ion 


H*- 

0 

Li+ 

—60 

Na+ 

320 

NH,+ 

410 

K 

530 

Rb- 

615 

Cs*^ 

860 

Ba*+ 

1380 

Y+-*-«- 

1830 

La+++ 

2110 


c. Role of pH 

In many exchanging processes the pH plays an exceptional role. This may be 
correlated with the fact that the H ions can be considered as potential-determining 
ions for the exchanger or in another terminology that the exchanging groups are weak 
acids or bases (COOH, aluminosilicates, NH, groups). Only when the exchanging 
groups are strongly acidic it is reasonable to compare exchanges of H ions with other 
metal ions on the same basis. With weak acids or bases it is better to correlate first the 
total exchange capacity with pH and then on this basis the distribution of the ions over 
the available places. 

In Fig. 45 (p. 182) the strong exchanging power of the H ' ion may be understood 
in this way. 


d. Application 

The applications of ion exchanges are very numerous. Before 1935 the usual 
exchangers were aluminosilicates and zeolites (clays, synthetic aluminosilicates) whicli 
by their extended surface, but especially by their possibility of exchanging throughout 
the whole mass had a large exchanging capacity. 


^ G. E. Boyd, J. Schubert, and A. W. Adamson, ]. Am. Chem. Soc., 69 (1947) 2828. 
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Adams and Holmes ‘ discovered that resins of the phenol or polyphenol formal¬ 
dehyde type were suitable as exchangers. They also prepared the first anion exchangers 
on the basis of polyamine formaldehyde resins. 

Another suitable exchanger was found in sulphonated coal = which had the advan¬ 
tage of containing a strongly acidic group as bearer of the exchange properties, so that 
the influence of the pH on the exchange capacity was relatively unimportant. 

Nowadays all sorts of exchanging groups are incorporated into synthetic resins, 
resulting in exchangers of nearly all desired properties. Only a really good strongly 
basic anion exchanger is still lacking. 

One of the oldest applications of ionic exchange is softening of drinking-water and 
boiler water by exchanging Ca against Na"*" ions. When the exchanger is saturated 
with Ca ^ it is regenerated by letting a concentrated NaCl solution percolate through it. 

A more advanced form of water treatment is the complete deionizing of water by 
applying first an acid-treated cation exchanger, which takes up all the cations and leaves 
only the acids. When this water is then percolated through an anion exchanger the acid 
is removed by the reaction 

-NH^ + -NH3+X- 

In this way it is possible to prepare water which may replace distilled water at a much 
cheaper price than by distillation. Additional processes have been elaborated to remove 
the SiO, which normally passes both cation and anion exchanger. 

Another important place of ion exchange is in the separation of difficultly separable 
cations, like the rare earths and the transuranium elements. An important feature of the 
ion exchange process in this respect is that it can be easily controlled from a distance 
and is therefore very suitable for the treatment of “hot” materials from the uraniumpile. 


Sever.il applications of ion exchange are also found in analytical chemistry but as 
they have no place in a treatise on colloid science the reader is referred to the mono¬ 
graphic treatments mentioned in footnote 4 on p. 182. 


$ 10. POTENTIAL MEASUREMENTS IN COLLOIDAL SYSTEMS 
PALLMANN EFFECT, SOL CONCENTRATION EFFECT 

In many investigations on colloidal systems potential measurements are used as 
a tool to determine ionic concentrations. Most extensive use has been made of the pH, 
but there also many cases when p.\g, pci, psoi have been determined. The interpre¬ 
tation of the measurements for colloidal systems proves to be much more difficult than 
for simple ionic systems. Especially the use of salt bridges, necessary to determine 
(approximately) single ion activities, gives rise to complications and has even led to 
completely false conclusions. 

Fundamentally the difficulty is this: what is the pH (or px) of a sol? Is it the pH 
of the intermicellar liquid or should it be understood as a property of the suspension 
as a whole? A simple experiment shows that two different results of the pn determina¬ 
tion are possible. If a sol or suspension is in equilibrium with a particle-free solution 


* C. A. Adams and E. L. Holmes, J. Soc. Chem. Ind., 54 (1935) 1—6 T. 

- P. Smit, U.S. Paient 2.191063 (Feb. 20 1940), 2.205235 (June 25 1940); O. Liebknecht, U.S, 
Patent 2.191060 (Feb. 20 1940). 2.206007 (June 25 1940). 
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(by dialysis or sedimentation) then a pH determination may be done in four different 
ways. The hydrogen electrode may be situated in the suspension or in the equilibrium 
liquid. The salt bridge also may be brought into contact with either of two systems. 

The place of the hydrogen (or other reversible) electrode is without influence on 
the potential measured. This is necessarily so. For if two hydrogen electrodes in contact 
with the sol and the equilibrium solution would show a potential difference, work might 
be gained from a system in thermodynamic equilibrium, which is contrary to the 
Second Law. 

The place of the salt bridge does make a difference, however. Usually the electrode 
connected to the salt bridge shows a lower potential when the salt bridge is in contact 
with the suspension than when it is in contact with the equilibrium solution, at least if 
the suspension is negatively charged. For a positive suspension the effect is in the 
reverse direction. 

This effect has been described and extensively investigated by Pallmann and 
WiECNER •, who determined the pH in suspensions of clays and similar materials. De 



abed 


Fig. 46. Four different methods of determining the pH of a sol 
or suspension. H is a hydrogen electrode, S is a salt bridge, connec¬ 
ting the system to a calomel electrode. 

The systems a and b are equivalent and measure the pH of the equili¬ 
brium liquid. The systems c and d give an E.M.F. which can be 
alternatively interpreted as "the pH of the suspension" or as the pH 
of the equilibrium liquid disfigured by sol concentration effect or 

Pallmann effect. 

Bruyn * found the same effect (which he called sol-concentration effect) in the deter¬ 
mination of the pi of concentrated negatively charged Agl-sols. 

Loosjes ® could produce a change in E.M.F. analogous to the sol concentration and 
the Pallmann effect by placing a liquid junction alternatively in a capillary and in a 
wide tube. 

Qualitatively these effects are easy to understand. A rigorous quantitative treat¬ 
ment is still lacking, although especially Loosjes made an attempt in this direction. 

... "‘■s* consider a liquid junction between a concentrated KCl solution and a 

dilute solution in a wide tube. The equality of the mobilities of Cl- and K ^ implies a 
negligible diffusion potential between the two solutions. The concentrated KCI solution 


‘ H. Pallmann. KoUoidchem. Bethefte, 30 (1930) 334; G. Wiecner and H. Pallmann Z Pflan 
zenernahr Diingung Bodenk., A 16 (1930) 1; G. Wiecner, Kolloid-Z.. 51 (1930) 49. ’ 

H. De Bruyn, Thesis, Uirecht 1938; Rec. trav. chim., 61 (1942) 12 
^ R. Loosjes, Thesis, Utrecht 1942. 
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has nearly the same potential as the other dilute one. Now consider a same junction but 
in a narrow capillary where a considerable pan of the cross section is the carrier of the 
double layer and consequently in the dilute solution has a more negative potential than 
the bulk of this solution (the capillary wall is considered to be negatively charged). Now 
the concentrated KCl solution will try to assume the same potential as the dilute solu¬ 
tion everywhere in the cross section of contact. This implies that in the concentrated 
solution the potential is more negative near the wall than in the middle of the capillary. 
Clearly this is not a stable situation and a current will flow perpendicular to the cross 
section of the capillary until the concentrated solution has everywhere the same poten¬ 
tial. This potential will be somewhere between the potential of the wall and that in 
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Fig. 47. Relation between ''pH*' measured with salt bridge 
in the suspension and concentration of suspension. 

.measurements by Pallmann 

-calculated with eq. (106). 


the middle of the capillary, in any case more negative than in the case where the double 
layer had no influence. 

Generally speaking, the salt bridge will not indicate the potential of the equilibrium 
solution but a potential nearer to that of the wall (capillary effect) or of the particles 
(Pallmann effect, sol concentration effect). 

Loosjes (/.c.) has worked this picture out in a very schematized way and deduced 
the following equation for the Pallmann and sol concentration effect 

) (c, - K) = (E., =0 - CO )K (105) 

where the £'s are the E.M.F.'s measured between a calomel electrode connected to the 
sol through a salt bridge and a reversible electrode in the sol. is the sol concentration 
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in arbitrary units. The constants K and £r,->. « have to be determined from a series 

of measurements of the potentials at different dilutions of the sol, the dilution being 
made with the equilibrium liquid. As the E.M.F.'s are linearly dependent upon the pH 
or px an equivalent expression is 

(pH^, — « ) (c, -i- /C) = (pH,^ o— pH,^_^oo ) K (106) 

Loosjes recalculated data from Pallmann ‘ on hydrogen clay where the pH of the 
equilibrium liquid was 5.87. The values of the calculated pH for different concentra¬ 
tions compare very favourably with the measured values (Table 5, Fig. 47) 


TABLE 5 

pH OF HYDROGEN CLAY IN DIFFERENT DILUTIONS 


1 

1 


pH calculated with eq. (106) 

Ct in arbitrary unit$ 

pH determined 

K - 45, 



j pMrj-y* 00 “ 3.74 

0 ! 

5.87 

5.87 

50 

4.72 

4.75 

100 

' 4.47 

4.40 

200 

' 4.16 

4.13 


3.96 

3.96 

800 

3.84 

3.85 

2730 1 

3.82 

3.77 

(o^) 1 

1 

3.74 


Other data of Pallmann, a series of experiments of Loosjes himself and the sol concen¬ 
tration effect by De Bruyn are equally well described. 

From the data of Table 5 and other similar data it is clear that the sol concentration 
effect is by no means a small correction. The difference in pH for the infinitely dilute 
and a concentrated solution amounts to 2 units of pH, equivalent to more than 100 mV. 
in the potential. 

Van Laar • used the sol concentration effect in order to determine the zero point 
of charge of Agl. He determined the pvg for which there was no difference in E.M.F, 
between a salt bridge in a silver iodide suspension and a salt bridge in the equilibrium 
solution. At this pA. there is no diffuse double layer and when specific adsorption is 
absent the zero point of charge is reached. See also>j 6a, p. 161. 

In concluding this section we want to emphasize that when ion activities are to be 
determined by E.M.F. measurement in a sol or suspension extrapolation to infinite 
dilution of the sol or suspension is necessary in order to obtain the activity of the equili¬ 
brium liquid. A direct interpretation of an E.M.F. measurement in a concentrated sol 
is not possible at the moment. 


I H. Pallmann,/C o//oit/cArm. Bcihefie, 30 (1930) 334. 
• J. A. W. Van Laar, unpublished. 
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§ 11. THE DONNAN EQUILIBRIUM 

When two solutions are separated by a membrane which is impermeable to at least 
one of the ionic species (usually a colloidal component) present in one of the solutions 
an unequal distribution for the other ionic species, to which the membrane is permeable 
results. At the equilibrium reached the two solutions show a difference in pressure and 
if two calomel electrodes are connected to the solutions by means of salt bridges an 
E.M.F. is found to be present. These equilibria were described for the first time and 
explained by Donnan * and are usually indicated as Donnan equilibria. 



‘DONNAN 




H 


1 - 


H 


a. Relation between donnan equilibrium and sol-concentration effect 

There is a very close relation between the Donnan potential and the sol-concen¬ 
tration effect treated in the foregoing section. 

In Fig. 48 we sketched a suspension and its 
equilibrium liquid separated by a membrane. In 
both the solutions a reversible electrode, H (for in¬ 
stance a hydrogen electrode) and a salt bridge, S, 
with a calomel electrode are inserted. The Donnan 
pote ntial is measured between the two salt bridges. 
The sol-concentration effect is usually given as the 
difference in E.M.F. of the galvanic cells with the 
sol and the equilibrium liquid. As the two rever¬ 
sible electrodes have necessarily the same potential, 
the sol-concentration effect and the DonNAN 
potential are identical, and what is true for one of 
them is as true for the other. We have treated the 
two effects separately, because the sol-concentra¬ 
tion effect is often met in cases where one would 
not be inclined to think of a Donnan equilibrium. 
On the other hand the Donnan equilibria include more than the Donnan potential alone. 


V. J 


:i 


r 


••j 


• * 
« • 




Fig, 48. Sol concentration effect (Er $ — 
Ef, — 0) is equal to Donnan potential. 


b. donnan equilibrium for ideal solutions 

The original theory of Donnan assumes ideal behaviour for both the solutions. 

Later the theory has been refined by Donnan himself 
and by others to include non-ideal behaviour. We wiU 
for simplicity first treat the Donnan equilibrium for 
ideal solutions. 

Consider a system given schematically in Fig. 49 
and consisting of two phases separated by a membrane 
permeable to the solvent S and the ions A~ and M'*' but 
impermeable to the (colloidal) n-valent ion C. In each of 
the solutions the mol fractions are denoted by x, the 
pressures by p, and the potentials * by li*. The two 
solutions are denoted by indices I and II. 

‘ F. G. Donnan and A. B. Harris, /. Chem. Soc., 99 (1911) 1554; F. G. Donnan, Z- Ekktro- 
chem . n (19]\) 572; Chem. Revs.. H1924) 73. 

- Provisionally wc assume the potential of a phase to be directly measurable by means of a salt bn g 
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Fig. 49. Donnan equilibrium. 
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The conditions for equilibrium are 

= = (i"; v] = |xV (107) 

By using the approximations for ideal behaviour we convert these cq. into 

RT In + p^V+ + F V = RTln -f- F (108) 

RT In x_J + = RT In x“ + p^V- — F (109) 

i?rinxj +p'V, = i?rinx‘/ +p"K, (110) 

By adding the first two equations we derive after neglecting the pl^ term, which is small, 

(Ill) 


(108) 

(109) 

( 110 ) 




which eq. with the expressions for clectroncutrality 


nx\ 4- x^ = xj and x” = x” = x” (112) 

describes the distribution of the ions over the two phases. 

From the eq. (108) and (109) separately we find two expressions for the potential 
difference between the two phases (again neglecting the pV terms): 


^ ^ F x| F ^"x*.‘ 


(113) 


and finally the osmotic pressure is derived from eq. (110) 


p^.p^^ = 


FT , a:V RT , l-x^-x“ 

K "x' V. ‘"l—xf—x‘ —x' 

■ + - e 


(114) 


For small colloid concentrations the following approximations are useful. 

The electrolyte distribution can be expressed as the difference between the concen¬ 
trations of counter ions in the two phases which is found from eq. (Ill) and (112) 




II , 

x"—x’ -- -'(1 -I- '-) 

2 4x"^ 


(115) 


(116) 


For small colloid concentrations the excess of charge on the colloidal ions is compen- 
same cLrg^^*^ ^ contribution from the counter ions and a defect of ions of the 

In the same approximation the membrane potential y* — v" is equal to 

y - .;n = 

^ F 2x” 


(117) 


190 


ELECTROCHEMISTRY OF THE DOUBLE LAYER 


IV 


and the osmotic pressure to 



JRT 

V, l — 2x " 


= i?rc, (1 -i- 





( 118 ) 


where the c's are concentrations in mols per cm® solvent. 

The first term may be considered to arise from the colloid particles themselves, 
the second term from the unequal distribution of the electrolyte. 

The Donnan equilibrium is seen to be a mighty instrument of characterization of a 
colloid. The osrnotic pressure for great dilution of the colloid (c, c”) gives the 

molar concentration, and thus leads to the molecular weight *. The first higher term 
in the osmotic pressure and the first terms in the membrane potential and the distri¬ 
bution of ions all contain n, the valency (or charge) of the colloidal particle, which can 
thus be determined in a completely independent way. 

In the applications it is however rarely possible to apply the Donnan theory.for 
ideal systems, at least if more than qualitative results are wanted. From the eq. (115, 
116, 117 and 118) it is possible to determine the charge on the colloid in three indepen¬ 
dent ways. This means, that two relations between the three phenomena (distr. of ions, 
membrane potential, osmotic pressure) should exist. Now usually, when the osmotic 
pressure is calculated either from analytical data or from the membrane potential it is 
found to be too low (Hammarsten effect*). This clearly indicates the need for a more 
exact treatment of the Donnan equilibrium, in the first place the introduction of activity 
coefficients. 


c. Non-ideal solutions 

A very striking example of the influence of non-ideality of the solutions on the 
Donnan equilibrium is the system KCl — K 4 Fe(CN )6 where the membrane is per¬ 
meable to and Cl~ but impermeable to Fe(CN),*-. It has been investigated by 
Donnan and Allmand ® and by Kameyama ‘. The experimental data have been treated 
by Huckel* who could explain the results by introducing mean activity coefficients 
according to the theory of Debye and Huckel. Kameyama had also reached a satisfac¬ 
tory interpretation with the help of activity coefficients after Lewis. 

In the case of real colloidal solutions the problem is more difficult because presu¬ 
mably the activity coefficients are less simply related to the concentrations than in the 
case of simple electrolytes. 

For non-ideal solutions the conditions (111, 112, 113, 114) are modified as follows 
by the introduction of activity coefficients. 


‘ As n may be very large it is often necessary to go to very low colloid concentrations, or betten 
to use large concentrations of electrolyte before the osmotic pressure is a pure measure of the colloid 
concentration. 

* E. and H. Hammarsten, ArfdvKemi Mineral. Ceol, 8 (1923) 1; H. Hammarsten, Biochem.Z-, 
147 (1924) 481. 

'* F. G. Donnan and A. J. Allmand,/. Chem. Soc., 105 (1914) 1941. 

‘ N. Kameyama, Phil. Mag.. 50 (1925) 849. 

■ E. Huckel, Kolloid-Z- {Zsigmondy Festschrift), 36 (1925) 204. 
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— -J," = 


and 


,1 —f.» = 


g 



(119) 

= xl and = x[_' = x” 

(120) 

RT , f'^x» , fix!, 

F F ‘"/VJ 

(121) 

RT , I—x'' —x'j 

V, _X*_x' 

(122) 


Nowif we adhere strictly to the conception (see § 3d, p. 125) that a potential diffe¬ 
rence between different phases cannot be determined eq. (121) has no practical signifi¬ 
cance. Eq. (119) can be used to determine /+ in the colloidal system when the analytical 
data are available and/+ in the colloid-free solution has been determined. Likewise the 
osmotic coefficient g can be determined from eq. (122) if all other quantities (notably 
the molar fraction of the colloid) are known. But as there is no simple relation between 
{j and g in this case, that would mean nearly the end of all practical application of the 

Only in the case where the concentration of electrolyte is very large compared with 

the equivalent concentration of the colloidal ion does the osmotic pressure remain a 

measure for the molar concentrations of the colloid and can then be used to estimate 
the molecular weight. 

p^—pii=PTc, ( 123 ) 

rh. ‘ assuming that when 

the colloid concentration is low the activity coefficients in the two solutions may, as a 

fdpmlr^? equal. Moreover he assumes that insertion of two 

‘ solutions gives a means of determining the potential 

ifference v v . Eq. (121) which then simplifies again to eq. (117) gives then a 
deteJm npd°^ det^ermining the valency n of the colloidal particle and when n has been 
fo thr^mn be inserted into eq. (118) to determine the correction 

i^l« to hT 1° the osmotic contribution of the colloidal par¬ 

ticles to be determined when still a measurable contribution of the ions is present. 

coefficients rn7hVh^ir h assumptions made about the activity 

hvo A ^ ^ Donnan equilibrium of gum arabic these 

dffferent porn, "rv'ew He a,..cks ,he problem irom a 

Summarizing, the Donnan equilibrium consists of: 

«. Different salt concentrations in the colloidal solution and .n theequil.brium liquid. 

( 1 . An excess osmotic pressure. 

Y. A potential difference measurable with salt bridges. 

i*.<f.L°33"a«7r524?s':'e ° S. Ana,a, 

346; JJ. G. Donnan. ibidem. A 168 (1934) 369 ^ phystk. Chem., A 162 (1932) 

■ F. W. Klaarenbebc. Thesis. Utrecht 1946. 
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a. In the double layers of a colloidal solution there is a defect of ions of the same sign 
as the colloid and an excess of ions of opposite sign. This explains the distribution of 
the electrolyte. 

p. When two double layers approach each other to such a distance that a substantial 
interaction is present, they will repel each other (see chapter VI, p. 245). This explains 
the excess osmotic pressure. 

Y. In a sol the potential of the liquid is not a constant, but fluctuates between zero 
and the surface potential With salt bridges a kind of average of this potential is 
measured (sol concentration effect = Donnan potential). 


Klaarenbeek has applied these ideas to the Donnan equilibrium using the model 
of flat double layers of the GouY-CHAPMAN-type, and obtained rather satisfactory 
results, which were in better agreement with the experimental data than the classical 
Donnan theory even when the latter has been corrected for activity coefficient. 

The distribution of ions can be described as the expulsion of a certain amount of 
ions of the same sign as the colloid. In the classical Donnan theory and also in the case 
of equal activity coefficients in the two solutions (Adair) the expulsion for a small 
amount of colloid is just equal to half the equivalent concentration of the colloid (see 
eq. 116). For a flat double layer on a negatively charged wall 


Defect of negative ions 
Total double layer charge 


t2kT 



__ g 4'o e 
c 2 AF _e 2 


(124) 


For small values of the double layer potential this quotient is equal to ‘/a but for 
large negative values of the quotient is smaller even in the limit of low sol concentration. 

Experimentally Klaarenbeek finds the following values for dilute gum arabic 
with KBr as electrolyte. 

Table 6 


Donnan equilibrium of cum arabic 


Cone. K Br. in equilibr. 
liquid 

Defect of Br” 

Equiv. cone, of gum arabic 

Calculated surface potential 
in mV 

0.001 N ' 

1 

0.11 ' 

' — 102 

0.01 N 

0.19 

1 — 71 

0.1 N 

0.32 

— 37 

1 N 

0.50 

Cs3 0 
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For higher colloid concentrations the expulsion of Br“-ions becomes relatively 
smaller, which is in agreement with the expectation for interacting double layers. Cal¬ 
culating the amount of interaction of the double layers from the measured osmotic 
pressure, Klaai^beek finds a good agreement between the calculated and determined 
defects of Br -ions also for the higher colloid concentrations. 

In Fig. 50 we give an example for 0.001 iV K Br and gum arabic concentrations 
up to 0.014 N. 

By this method both the analytical features of the Donnan equilibrium and the 
osmotic pressure find a reasonable interpretation. 


ccftc gom 



Fig. 50. Measured and calculated values of the Br- ion concen¬ 
trations in a gum arabic solution, which is in equilibrium with a 

KBr solution of 1.076 m eq.'I. 


The fact that usually the measured membrane potential is higher than the calcula- 
tedone (Hammarstern effect, p. 190) shows a close parallelism to the ideas of Loosjes 
(see§ 10, p. 185) on the sol concentration effect. Indeed the potential measured by a salt 
bridge will be the average potential in the liquid phase, or even nearer than this to the 
wall potential, whereas the osmotic pressure and the distribution of the ions is governed 
by the potential halfway between two interacting particles 

of “ "PPly Klaamnbeek’s ideas to more examples 

of the Donnan equilibrium and see whether they are generally applicable. 



V. ELECTROKINETIC PHENOMENA 


J. Th. G. Overbeek 

Van't Hoff Laboratory, University of Utrecht 


§ 1. HISTORICAL INTRODUCTION; DESCRIPTION OF ELECTRO- 

KINETIC PHENOMENA 

a. Generalities 

In the foregoing chapters electrokinetic phenomena have been mentioned several 
times (Chapter II, Chapter IV). These phenomena have been investigated exten¬ 
sively by electro-chemists and colloid chemists because they can yield valuable infor¬ 
mation on the electrochemical double layer ^ 

Although Helmholtz * had already indicated in principle, how the connection 
between electrokinetic phenomena and the structure of the double layer has to be 
interpreted, later investigations have shown that a quantitative interpretation meets 
with several obstacles. Even at the present moment one cannot say that a completely 
satisfactory situation has been reached. Nevertheless so many important data on the 
electrochemical double layer have been derived from electrokinetic phenomena, that 
we feel completely justified in devoting a separate chapter to them. 

By electrokinetic phenomena we mean phenomena involving electricity and con¬ 
nected with a tangential movement of two phases along each other. They may arise 
either from an external electric field directed along the phase boundary and resulting 
in a movement, or from a movement of the phases along each other, resulting in a tran¬ 
sport of electricity. Examples of the first kind are electro-osmosis and electrophoresis, 
of the second kind, streaming-potential and migration potential. 

b. Electro-osmosis 

Electro-osmosis (also called electro-endosmosis) is the movement of a liquid with 
respect to a solid wall as the result of an applied potential gradient. It can be observed 
in an arrangement shown diagrammatically in Fig. 1. 

P represents a porous plug (which may be replaced also by a single capillary tube). 
When a potential difference is set up between the electrodes Ei and E*. the liquid is 
driven through the plug ^ This flow of liquid can be measured by the displacement of 

‘A'^ry good survey on ihe subject has been given by H. A. Abramson, Electrokinttic phenomena 
and their application to biology and medicine. New York 1934 (To be cited as Abramson book). 

^ H. Helmholtz, Wied. Ann., 7 (1879) 337. . - . j j 

3 Electro-osmosis must be distinguished from water transport by electroIysLS, which depenfls oniy 
on the constitution of the liquid and is independent of the material of the plug. It may cojnplicaie 
measurements of electro-osmosis in concentrated solutions, cf. H. C. Hepburn, Proc. Pnys. a • 
London. 39 (1927) 99; 43 (1931) 524; 45 (1933) 755. 
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the meniscus M in the capillary tube. The direction and the velocity of the liquid stream 
depend upon the properties of the plug and of the solution. In order to avoid gas being 
developed at the electrodes, it will often be necessary to use reversible electrodes such 
as Ag-AgCl or, for larger currents, Zn-saturated solution of ZnSO,. Lange and Crane * 
describe a set up capable of determining the electro-osmosis also in nonaqueous 
solutions with electrodes of the Zn-ZnSO* type. 

The use of a single capillary instead of the plug P gives the advantages of a much 
easier cleaning of the apparatus, a better reproducibility of the results and an easier 



interpretation. On the other hand the quantity of liquid displaced through a single 
capillary is much smaller, and therefore more difficult to measure than the displace¬ 
ment through a plug which acts as a great number of capillaries. Moreover, there are 
only a few materials, (quartz, glass) from which capillaries can be made, whereas the 
construction of a porous plug is always possible. 

Electro-osmosis was discovered by Reuss * in 1808 and has been investigated 
extensively by Wiedemann * and Quincke 

The theoretical interpretation has been given by Helmholtz ^ Lamb *, Perrin ’ 
and especially by VoN Smoluchowski *. 


c. Streaming potential 

The apparatus used for measuring electro-osmosis can also be used for observing 
streaming potentials When the liquid is forced through the porous plug by an external 
pressu^. a potential difference (the streaming-potential) can be measured between the 

2 n’ phystk. Chem., A 141 (1929) 225. 

3 r-’ Imp^riale des Naturalises de Moseou, 2 (1809) 327 

. 9- Wiedemann. Pogg. Ann.. 87 (1852) 321; 99 (1856) 177 

• G. Quincke, Pogg. Ann.. 113 (1861) 513. 

H. Helmholtz. Wied. Ann.. 7 (1879) 337 

“ H. Lamb, Phil. Mag.. (5) 25 (1888) 52. 

J. Peprin,/ chtm. phys. 2 (1904) 601. 
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electrodes E, and E*. In this case much larger quantities of liquid are displaced, and the 
resulting potential difference is much smaller than in the case of electro-osmosis. It is 
therefore desirable to modify the apparatus in order to meet the special requirements 
by using reversible electrodes for Ej and Ej (e.g., chlorinated silver electrodes) and by 



Fig. 2. Apparatus for observing streaming-potentials. 


adding large reservoirs for the liquid* The set up, used for these experiments as shown 
by Fig. 2 is due to Kruyt S and has since been used with various minor modifications 
by the majority of investigators. A set up, in which Zn-ZnS 04 electrodes can be used, 
has been given by Freundlich and Rona *. 


d. Electrophoresis 

By electrophoresis (or cataphoresis as it was called formerly) we mean the move¬ 
ment of colloidal particles in an electric field. It is in every respect comparable to the 
mobility of electrolytic ions and can be measured in much the same ways as those by 
which ionic mobilities are determined. In the methods of electrophoresis we shall 
recognise the determinations of the transport number, the moving boundary as well as 
the analytical method. Moreover, the ultramicroscopic visibility of colloidal particles 
offers the means of studying their electrophoretic mobility directly under the ultra¬ 
microscope. These methods are discussed in greater detail in § 7 of this chapter. 


e. Migration potential 

The reverse effect of electrophoresis arises when small particles which are suspen¬ 
ded in a liquid are forced to move, say by gravitation or by an ultrasonic or a centrifugal 
field. Then an electric field is generated in the direction of the movement and a poten¬ 
tial difference can be measured between two electrodes in the liquid, one at the top, the 
other at the bottom of the vessel. This potential difference is called migration potential 
or potential of falling particles and the effect is indicated as the DoRN-effect ®. The 
experiments are difficult and as yet only few results have been obtained *. 


iH.R. Kruyt./C o/Zoid-Z.. 22 (1918) 81. ^07 

* H. Freundlich and P. Rona, Sitz. ber. preiiss. Akad. W'ws. Physik. math. Klasse, 20 (lyauj^Y'- 
3 E. Dorn, Wied. Ann., 10 (1880) 46, cf. also J. Stock, Bull, intern. Acad. sci. Cracovie, A (IVUl 

’«^E^RSTONand J.C.Currie,PA iV. Mag., (6) 49(1925) 194; A. J.Rutgers, Mature, 157 (1946)74. 
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§ 2. STARTING-POINT FOR THE ANALYSIS OF ELECTROKINETIC 

PHENOMENA. THE ZETA-POTENTIAL 


a. Introduction 


All electrokinctic phenomena have to be explained by the interaction between a 
flow of electricity and a flow of liquid in the double layer. 

For the mathematical analysis of these phenomena, the precise structure of the 
double layer may often be left out of consideration, the only essential feature being, that 
Poisson’s equation 



is satisfied It is customary, although not necessary, to ascribe a constant value to e 
throughout the whole double layer. In many discussions the double layer has been 
schematized as a single flat condenser, viz., the total charge of the liquid is thought to 
be concentrated in a plane, parallel to the wall. Although this condenser layer is usually 
called after Helmholtz, Helmholtz himself never used this image. In Helmholtz's 
calculations the structure of the double layer is left completely open and it was Perrin 
who introduced the schematized condenser layer. 


b. The flow of the liquid 

As to the flow of the liquid, one postulates a purely laminar flow, with a coefficient 
of viscosity, r„ having the same value throughout the whole system. There have been 
some differences of opinion concerning the boundary conditions of the movement of 
the liquid. In considerations using Perrin's condenser layer, the liquid is assumed to 
be at rest in a plane coinciding with the charge on the wall. Helmholtz and especially 
Lamb * have taken account of the possibility of a slip along the wall, but no experimen¬ 
tal evidence in favour of such a slip has ever been found. 

In considerations based upon the image of a diffuse double layer it has been assu¬ 
med, for reasons to be explained more precisely in § 3a. 2, that the movement of the 
liquid does not begin immediately next to the wall, but that a layer of the liquid with a 
thickness of one molecule or a few molecules, is stationary with respect to the wall. 


c. The zeta-potential 

It appears that, in all modes of calculation, the electrical potential in the slipping- 
plane between the fixed and the flowing liquid is determinative for the electrokinetic 
phenomena. This potential is usually called the zeta-potential (;). 


d. Structure of the double layer 


Our considerations on electrokinetics will be based upon the image of the double 
layer, as developed by Stern > and we shall consider the possibilities of a slippmg-plane 


* The introduction of the dielectric constant 
J. Perrin,/, chim. phys., 2 (1904) 607. 

* H. Lamb, Phil. Mag., (5) 25 (1888) 52. 

® Cf. Chapter IV, § 4d, p. 132. 


, omitted by Helmholtz is due to Pellat, cf. 



198 


ELEKTROKINETIC PHENOMENA 


V 


Situated m the STERN-layer, in the diffuse layer, or just in the transition plane between 
the two. We too shall consider t) and c as constants (eventually accounting for a different 
but constant e in the SrERN-Iayer). As long as concrete data concerning this point are 
lacking, the introduction of a variable tj or s would indeed result in a more general 
formulation, but the arbitrariness arising therefrom would make any test delusive- 
Entering upon further details of the structure of the double layer proves to be 
unnecessary. It is only in the case of electrophoresis that it may become necessary to 
account for the specific charges and mobilities of the ions out of which the double layer 
is formed. We return to this point in section 6. 


§ 3. ON ELECTRO-OSMOSIS 

a. Electro-osmotic velocity 
a. I. Slipping plane in the diffuse layer 

We consider the electro-osmotic movement along a flat surface under the influence 
of an electric field E directed parallel to the surface. The potential-distribution in the 
double-layer is given by the theory of Stern (c/. Chapter IV) and is schematically 
represented in Fig. 3. 



When the field E is applied, a stationary state is reached after a short starting 
period. In this stationary state each layer, dx, of the liquid moves with a uniform 
velocity parallel to the wall, because the total force on such a layer is zero. We have 
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to distinguish two sorts of forces, viz., the force exerted by the external field E on 
the ions in the layer and transferred by the liquid friction to the layer as a whole >, and 
the frictional forces exerted on the considered layer by the neighbouring layers moving 
with a different velocity. 

Consequently in the stationary state 



p • dx = r, 


dv 

dx 


dx 


dv \ 

d7^x 



d*v 

d7* 


dx 



Inserting Poisson’s equation (1) we find 

Et d^v 



Now equation (3) has to be integrated over the whole liquid as far as it can move, 
that is between x = « and the slipping-planc. Assuming for the present that the^lip- 
ping-plane is situated in the diffuse layer and recalling that 



for the slipping'plane y = i; = 0 


and calling the velocity of the liquid at a large distance from the wall ve, the electro- 
osmotic velocity, we find 

€ s £ 

■'- = 4^ (4) 

I • 

This classical expression for the electro-osmosis is often derived on thfe-li>asis • of a 
condenser double-layer But it follows from the derivation given above, that th||^>ne 
expression is found on the basis of the diffuse double-layer, contrary to the o^nion 
expressed by Freundlich 


a. 2. Slipping-plane in the STERN-Zizyer 

Assuming now, that the slipping-plane is situated somewhere in the SxERN-layer, 
we may describe the movement in the Gouv-layer by the theory given in § 3a. 1, resul¬ 
ting for this case in 

E VS £ 

The stationary state of the layer of adsorbed ions, situated at x = 5 is given by 
where o, is the charge of the adsorbed layer per cm^ 


5 force acung pnm;ir.ly on the ions, may be considered to act on the liquid layer as a 
^ ^ following argument. In the stationary stale the ions have uniform velocity; 

! r I I ? composed of the force exerted by the field 

of Newton's law (action = reaction) a force 

of the same magnitude is exerted by the ions upon the liquid and consequently the force on the liquid 
has the same value as the force acting directly on the ions in the liquid. ^ 

. instance J. Perrin, J. chim. phys., 2 (1904) 601. 

H. Fpeundlich, Kapillarchemie /, Leipzig 1930, p. 359. 
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From the theory of electricity it follows that 

^ _ 

^ 4 n Idjc / Stern 4 it \dx / Gouy 

if e' is the dielectric constant in the SxERN-layer. 

Combining this expression with (6) and recalling that 

4 It \djc / Gouy ~ ^ Idx / Gouy 

We find 

Ee /dM _ __ , /dv \ 

4 It \dx / Stern ^ Vdjc / Stern 


Calling the potential of the slipping-plane again K, integration of (7) leads to 

e' (C— 4'S)£ 


vs = 


4 TC tj' 


With the aid of (5) we find finally 

= ^ riLEz;M + ilsl 

4 It L Tj 1) J 

or more generally 


Ve 



— dll' 
>) 


(8) 

(8a) 


Usually e and v) are considered as constants. In that case the normal proportionality 
between ve and C is found. Some authors assume a constant value of i) but doubt the 
constancy of c and interpret the electrokinetic phenomena not in terms of K but of the 
moment of the double layer (J e dJ^). Guggenheim * proposed to call the electrokinetic 


unit of V- the "Helmholtz”. 
4 n 


When we nevertheless retain the old method of calculation notwithstanding certain 
difficulties in the estimation of dielectric constant and viscosity, this is done because 
after all C is the important quantity for our knowledge of the double layer. It has to be 
compared with the total potential of the double layer and with the potential of the 
diffuse layer, and in this way valuable information may be obtained concerning the 
internal structure of the double-layer. It was just the very early observation *, that there 
was an evident disparity between the total potential ( Nernst potential) as determined by 
the potential-determining ions and the ^-potential calculated from electrokinetics which 
lead to the introduction of a slipping-plane situated somewhere in the liquid and not 
exactly at the phase boundary. 


' E. A. Guggenheim, Trans. Faraday Sac., 36 (1940) 139. 

* H. Freundlich and P. Rona, l.c., page 196; H. Freundlich and G. Ettisch, Z. physik. Chem., 
116 (1925)401. 
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b. Volume of liquid transported by electro-osmosis 


Although a direct measurement of the electro-osmotic velocity (pg) is possible 
it is more usual to determine the volume of liquid displaced through a capillary or 
porous plug by electro-osmosis. If we consider a capillary with a constant cross-section 
O, the volume displaced per sec. is given by 


vol = O • p£ — 


4 TC T, 



In this expression it is supposed that the whole mass of liquid inside the capillary 
is displaced with a velocity ve- This is only exactly true for the bulk of the liquid in the 
capillary, outside the reach of the double layer. The rate of displacement of the liquid 
in the double layer is smaller than pe. Consequently (9) may only be applied when the 
diameter of the capillary is large in comparison with the thickness of the double layer. 
As the thickness of the double layer is generally smaller than 10“^ cm and the diameter 
of the capillary is mostly larger than 10“® cm the condition is amply fulfilled. 

It is possible to eliminate O from eq. (9) by applying Ohm’s law 


O ■ £ = - i 

X 


( 10 ) 


where i represents the current through the capillary and X the specific conductivity of 
the liquid. 

By combination of (9) and (10) the displaced volume is now expressed in the easily 
measurable quantities i and X 



4 TT >3 X 


( 11 ) 


Nevertheless there is a certain danger in the application of (10) and therefore of 
(11) caused by the so-called surface conductance. As a consequence of the accumulation 
of ions in the double layer there exists an excess conductance along the surface of the 
capillary. This excess conductance may be of the same order of magnitude as the con¬ 
ductance through the bulk of the liquid, especially in dilute solutions, and the propor¬ 
tionality between i and X is lost. In that case (10) should be replaced by 


O £ X i- 5 £ >.. = i 


( 12 ) 


where X, is the specific surface conductance and S the circumference of the canillarv. 
Then (II) becomes 



4 :: y, (X 



(13) 


It is possible to determine the necessary corrections by measuring the resistance of the 


*c/. The ultramicroscopic 
tioned in § 7 e, p. 218. 


technique for the determination of the electrophoretic velocity men 
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capillary when filled with dilute and concentrated solutions of an electrolyte * or by 
applying eq. (9), where the conductance through the capillary plays no part. 


c. Electro-osmosis through a plug of arbitrary geometry 


It is the merit of Von Smoluchowski ^ to have shown that equation (11) retains 
its validity, if in the experiment of electro-osmosis the capillary is replaced by a porous 
plug. His demonstration proceeds along the following lines. 

In a porous plug, in which the diameter of the pores is much larger than the thickness 
of the double layer, the lines of force of the applied electrical field in the double layer run 
practically parallel to the walls of the pores. They cause an electro-osmotic movement 
of the liquid along the wall. Just outside the double layer the velocity of the liquid (u) 
is directed parallel to the wall and its value is given by 



ii? 

4 7C T) 



where E is the local field strength, which is also parallel to the wall because the material 
of the plug is considered to be an insulator. 


Now we have to consider how the liquid flows through the plug if the velocity of 
the liquid is given by (14) everywhere at the boundary between plug material and 
liquid. The liquid is practically incompressible and the electricity too flows as if it were 
an incompressible liquid. As the flows of electricity and of the liquid at the boundary 
are parallel and proportional to each other the most simple and obvious solution of the 
problem is the supposition that (14) holds not only at the boundary but throughout the 
whole liquid phase. 

The above may be expressed by a more rigorous formalism. The electric field is determined by 
the condition 

div £ 0 and curl E — 0 

with the boundary condition that the component of £ perpendicular to the wall is zero. 

The liquid stream obeys the equation (for slow laminar motion) 

div u = 0 and T) curl curl u ~ — grad p 

The value of v at the wall is given by (14) and the pressure (p) is equal on both sides of the plug. 

Then (14) is satisfied through the whole liquid in the plug. As curl £ = O.curl u * 0 too and conse¬ 
quently p = constant. If p is different on the two sides of the plug an ordinary flow of liquid under 
external pressure is superimposed on the electro-osmotic flow (14) cf. § 3d. 

To convert eq. (14), valid for any point of the liquid into the integral expression 
(11), we have to integrate (14) over the whole cross-section of the diaphragm. 

The total electrical current i is given by 

r - f £ X dw (15) 

% 

where the integral has to be taken over a complete, though arbitrary cross-section. 


' Abpamson bcok» page 97; J. J. Bikerman, KoUoid-Z*, 72 (1935) 100; H, L. White, B. Monag¬ 
han, and F. Urban,/. Phys, Chem., 40 (1936) 207; P. W. O. Wi/ga, Thesis, Utrecht 1946. 

2 M. VON Smoluchowski, Bull, intern, acad. sci. Cracovie, 1903, p. 184. 
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The total amount of the liquid passing per second is 

vol = J u dfj 

which by applying (14) and (15) can be transformed into 



r eCE . 

s: 1 

u dci> = 

a 

e 

II 

« 

V « 

I 4 7t7) 

4Trr, 1 


E d<o = 



{ 

X 


Herewith the validity of (11) for an arbitrary plug is demonstrated. For the case how¬ 
ever, where the plug has a considerable surface conductance not only does eq. (11) no 
longer describe the electro-osmosis, but it is impossible to apply a correction for it, as 
was done for a single capillary. Experiments by Wijga * and theoretical work by 
OVERBEEK and Wijga » and by Van Est ’ lead to the conclusion that safe results with 
plugs can only be obtained if the surface conductance is negligible. 


d. Electro-osmotic counter pressure 

Another method of determination of the electro-osmosis consists in the measure- 

ment of the counter pressure generated by the electro-osmotic displacement of the 

liquid. This counter pressure causes the liquid to flow back through the capillary or 

plug. In the stationary state the electro-osmotic flow is just counterbalanced by the 
backflow. ^ 

The pressure-head P. which may be measured in an apparatus such as Fig 1 with 
an oblique or vertical capillary C. is for the case of electro-osmosis through a single 
capillary determined by Poiseuille’s law ® 


or 



K r* e 





2zEl s 
n r» 


2 c 7 / 
Tt* \ r* 


( 16 ) 


The method can also be applied to the electro-osmosis through a plug * (without 
surface conductance). ^ ® 

We postpone the extensive discussion of the results of electro-osmotic experiments 

until after the treatment of the other electrokinetic phenomena, because we are less 

interested in the electrokmeiic phenomena themselves than in the ^potential as i 
common feature of them all. as a 


At this point we mention only that the linear dependence on the field-strength E 

'i' of P with E r- (eq. (16)) and the independence of the 

Smed'"* dimensions of the diaphragm have been repeatedly tested and 


‘ P. W. O. WiicA, Thesis. Utrecht 1946. 

> P- W. O. Wijga. Pec. trav. chim.. 65 (1946) 556 

’ w. T. Van Est, unpublished work. ^:>o. 

^ See Abramson book, pjpc 59 


113 (1861) 
3 (1941) 
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§ 4. STREAMING POTENTIALS 


A calculation of the streaming potential can be based upon the following considera¬ 
tions (see Fig. 2). The difference of pressure applied to the ends of the capillary (or to 
both sides of the porous plug) causes a flow of liquid through the capillary. This liquid 
stream carries along with it the charge of the double layer and so is the bearer of an 
electric convection current. As a consequence of this transport of charge a potential 
difference arises between the ends of the capillary, which causes a conduction current 
through the capillary directed oppositely to the convection current. In the stationary 
state, the convection current, which is proportional to the pressure difference P, just 
counterbalances the conduction current, which is proportional to the potential difference 
E. Consequently the streaming potential E is proportional to the pressure P. The factor 
of proportionality can be determined by a reasoning given below in small print, and is 
equal to 

(17) 

P 4 It T}X 

independent of the dimensions of the plug or capillaryConditions which arc to be 
satisfied for the validity of eq. (17) are: 

a. The flow of the liquid must be laminar, a condition which is easily fulfilled in practice. 

b. The radius of curvature of the capillary or of the pores of the plug must be much 
larger than the thickness of the double layer. 

c. The conductance determining the conduction current should depend solely on the 
bulk conductivity of the liquid. The surface conductance should not play a part of any 
importance. If this condition is not fulfilled, as is very often the case, corrections can 
sometimes be applied to which we shall return later on. 


or 


A derivation of eq. (17) will now be given for a plug of arbitrary geometry. r t, i 

The convection current t,, through an arbitrary (not necessarily plane) cross section of the plug 
capillary is given by 


i, = i<„ p d/ 


(18) 


where Vn is the component of the velocity of 
the liquid normal to d/, p the charge density, 
and d/ an infinitesimal part of the cross 
section. With the aid of Poisson’s theorem 
(18) may be transformed into 




(19) 



If the extension of the double layer is 
small compared with the curvature of the 
circumference of the cross section/,J ^{^may 
be put equal to d^vJ/.dTV® where N is the 
normal to the wall of the pores and df can 
be replaced by dSdN where dS is an 
element of the circumference (see Fig. 4). .At- ^ 

This approximation is permissible because only that part of/is important where /i is ig 


* Tusc as in the case of electro-osmosis the product — valid for a slipping-pUne in the GonY 

c 0 

ayer, may be replaced by J ^ d^^ for a more general case. 

^ At its circumference the cross section / is supposed to be perpendicular to the wall* 
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different from zero. Eq. (19) may then be transformed in the following way by partial integrations 




Vn J d/ * - 


4 K 




dJV* 4 n 


dvn d^ 


dN dN 


dNdS = 


e 
4 n 


r AT « 




( 20 ) 


6 Vn 


The product d5 may be replaced by curl v • 6S because the n and N components of curl v do 

6 

not contribute to the product and —j — is zero. 


6n 


So the expression for t\ becomes 


» 

4 7C 


curl V dS — 


4 K 




which with the aid of Stokes' theorem transforms into 


«i = 


4 7C 


curlrt curl v d/ — 


47C 


The second term may now be neglected because 


d'vn 

6N* 


'f' 


and curln curl v are of the same order 


of magnitude but 4* is only comparable to C in a very thin layer near to the wall. 
Now the hydrodynamic equation for laminar movement 

t; curl curl v = — grad p 

(p is the hydrostatic pressure) can be applied and ij is found to be 


. =~i^ ' 

* 4tz n 


gradn p df 


( 21 ) 


The conduction current 1*2 is equal to 

ij = — j >■ gradn V d/ 

where V is the potential caused by the streaming of the liquid. 
In the stationary state ij has to be equal to — thus 


( 22 ) 


/ 


gradn V df 




/ 


gradn p df 


4 n TfX 


If in every cross section the quotient ^ is equal to c f 4 t */) X the ratio £ p between two 

gradn p 

4 

^ints on the two sides of the porous plug has the same value, so that the validity of equation (17) is 
emonstrated for a general case, provided the conditions a-c mentioned above are applicable. 

The constancy of the quotient E p has been repeatedly confirmed * provided the 
pressure was not so high as to cause turbulent flow. 

45 {1928)*^?' ’ t*®^*** 20; H. R. Kpuvt and P. C. Van Der Willicen, Kalhid-Z.. 
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In many researches on streaming potential a relatively low value of Ejp was found 
when the solution contained little or no electrolyte. Formerly this has been ascribed 
to a low value of the ^-potential. By later investigations it has become clear that for 
these very dilute solutions the condition b mentioned on page 204 is no longer fulfilled. 
The bulk conductivity X is so small that the surface conductance begins to play a rdle 
and the return current ij is larger than the normal value given by equation (22). This 
results in a depression of the value of E. 


It is not difficult to make the necessary corrections for the surface conductance, if 
the streaming potential is determined for a capillary of radius r. In that case the return 
current is proportional to (x. is the specific surface conductance) 

TT X -f- 2 r X, 

instead of to ;Tr*X and the corrected equation for the streaming potential becomes 



4 


r. T] 


ll 

X + 




The correction can be applied either by a direct evaluation of the resistance of the capil¬ 
lary * or by a comparison of the streaming potentials in capillaries of different diameters*. 
If the streaming potential is determined in a porous plug, an analogous correction has 
been applied by various authors S but just as in the case of electro-osmosis this correc¬ 
tion is too simple and leads usually to values of the l^-potenttal which are smaller than 
the real ones. 


§ 5. RELATION BETWEEN ELECTRO-OSMOSIS AND STREAMING 

POTENTIAL 


Comparing the relations (11) for electro-osmosis and (17) for streaming potential 
one observes that both phenomena can be described by the same constant 


vol E e ^ 
“T “"^~4 ITY) X 



Even when the correction for surface conductance is applied to a single capillary 
(eq. 13 and 23) relation (24) is found to remain valid. 

It has been shown by Mazur and Overbeek * that the validity of this relation is of a 
very general character and a direct consequence of Onsager's ® principle of reciprocity 
of irreversible phenomena. 


* H. L. White, B. Monaghan, and F. Urban,/. Phys. Chem., 40 (1936) 207; P. W.O. WljGA, 
Thesis, Utrecht 1946. A. J. Rtn-GEBS and M. de Smet, Trans. Faraday Soc., 43 (1947) 102. 

* A. J. Rutgers, Trans Faraday Soc., 36 (1940) 69. 

J D. R. Briggs, /. Phys. Chem., 32 (1928) 641; W. M. Martin and R. A. Gortner. tbid., 34 
(1930); H, B. Bull and R. A. Gortner, ibid., 35 (1931) 307. _ 

* P. Mazur and J. Th. G. Overbeek, Rec. trav. chim. 70 (1951) 83; cf. also J. Th. G. Overbeek 
and P. W. O. WijCA, i?ec. frav. c/n'm., 65 (1946) 556. 

■ L. Onsager. Phys. Rev., 37 (1931) 405; 38 (1931) 2265; H. B. G. Casimir, Revs. Modern 

Phys., 17 (1945) 343. 
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The relation (24) as such has been known for a long time and it was already tested 

inl892bySAx6N^ . , ^ 

This means that as far as the properties of the double layer are involved an experi¬ 
ment on streaming potential gives exactly the same information as one on electro¬ 
osmosis. From these experiments it is only possible to derive a value for the ^-potential, 
if either surface conductance is negligible or if the experiment is carried out on a single 
capillary. See this chapter § 3c p. 203. 


§ 6. ON ELECTROPHORESIS 


a. Theoretical treatment neglecting relaxation 

The phenomenon of electrophoresis may be considered from two standpoints 
which seem to differ fundamentally, but which on nearer consideration prove to lead 
to exactly the same result for the velocity of electrophoresis. 

First one may consider electrophoresis to be caused by the force exerted on the 
charge of the moving particle by the applied external field. In that case it can be descri¬ 
bed by Stokes' formula (in the case of a spherical particle of radius a) 


eE 

6 nTja 


(25) 


where e is the charge of the particle. This expression, however, needs to be corrected 
for the influence of the ionic atmosphere (double layer) in exactly the same way as is 
done for the mobility of ions in the theory of Debye and Huckel. 

The other way of attacking the problem starts immediately with the electric double 
layer and considers electrophoresis as the converse of electro-osmosis. Indeed, in 
electro-osmosis we deal with a moving liquid and a fixed solid surface, whereas in 
electrophoresis the liquid as a whole is at rest and the solid particle is in movement. In 
both cases the relative movement of the liquid phase with respect to the solid surface is 
controlled by the forces applied to the double layer. In this way the velocity of electro¬ 
phoresis can be derived directly from the equation (4) for electro-osmosis and is 
given by : * 


Ve 


c^E 
4 HY) 


(26) 


In this expression the particle is considered to be exposed to a homogeneous electric 
field of strength E. The shape of the particle is of no importance just as the electro¬ 
osmosis equation (11) is valid for an arbitrary shape of the porous plug. Restrictions 
on the applicability of expression (26) are similar to the case of electro-osmosis: 
a. the double-layer must be thin compared with the dimensions of the particle, 
p. the particle must be insulating and the surface conductance at the interface must 
be so small that the distribution of the external field is practically uninfluenced by it. 


» U. SAXiN, iVied. Ann., 47 (1892) 46. 

* If desired the expression can be replaced by f - d-^/ as in equation (8a) for electro-osmosis. 
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This condition is equivalent to 

tarf ^ 

if a is one of the main dimensions of the particle. 


(27) 


For a long time eq. (26) was held to describe the electrophoresis velocity in practi¬ 
cally all cases irrespective of the restrictions given above. But in 1924 Huckel basing 
himself upon the knowledge newly gained in the theory of the conductance of strong 
electrolytes, gave another expression for the electrophoretic velocity, differing from(26) 
by a factor 2/3 


ve 


e KE 

6 n Tj 



This expression was derived by correcting Stokes’ equation (25) for the so-called 
electrophoretic retardation caused by the action of the external field on the double 
layer. Under the influence of the external field the counter ions are driven in a direction 
opposite to that of the particle. They impart their movement to the liquid surrounding 
them and in this way cause a flow of liquid in the wrong direction. Thus it is as if the 
particle does not move in a stationary liquid but in a moving liquid; the electrophoretic 
velocity is decreased. The exact calculation of this effect results in eq. (28). 

At first sight there seems to be a discrepancy at least in the numerical value of the 
two electrophoresis equations pointing to a non-equivalence of the two methods of 
calculation. 

Henry *, however, established that the discrepancy is not of a fundamental nature, 
but is a consequence of the fact, that in Von Smoluchowski's calculation the deforma¬ 
tion of the electrical field by the presence of the insulating particle is implicitly taken 
into account whereas in Hockel’s method the field in the double layer and in the bulk 
of the liquid is not influenced by the presence of the particle. This last treatment is only 
allowed, either if the conductivity of the particle is exactly equal to that of the liquid, 
or if the dimensions of the particle are so small compared with the thickness of the 
double layer that in the greater part of the double layer the deformation of the field is 
not appreciable. 

By an accurate mathematical treatment, resembling HOckel's method, but now 
taking account fully of the deformation of the external field by the presence of the colloi¬ 
dal particle, Henry was able to show that the electrophoretic velocity is in all cases 
equal to f € ^ Ejn t), the numerical factor / depending upon the value of x a, where 
a is the radius of the spherical or cylindrical particle (Henry considered only these 
two shapes of the particle) and x represents the reciprocal thickness * of the double 
layer, x being equal to 



The value of / is equal to ^ for a cylindrical particle with its axis in the direction 
of the field, varies between 1/4 and 1/8 for a cylinder perpendicular to the field and 
varies between 1/4 and 1/6 for a spherical particle, as illustrated in Fig. 5. 


» E. HOckel, Physik. Z., 25 (1924) 204. 

* D. C. Henry, Proc. Roy. Soc. London, 133 (1931) 106. 
^ c/. Chapter IV, § 4c, eq. 40 p. 128. 
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Thus the calculations of Henry are in complete accord with the equation of Von 
Smoluchowski, demanding that / = J irrespective of the shape of the particle, when ^ a 
is large and also in accord with Huckel's equation for a sphere (/ = 1/6 for x a is small). 

Henry also considered the influence of a certain conductivity of the particles 
which alters the distribution of the electric field in the neighbourhood of the particles 
completely. As can be expected this has no influence on the electrophoresis in the case 
of a very thick double layer (x a 1) but when the double layer is thin, the electro- 



Fig. 5. Dependence of the electrophorectic velocity on the r^tio 
between the radius (a) of the particle and the thickness (1 x) of 

the double layer. 


phoretic velocity is diminished and in extreme cases even nullified (c/. Fig. 5 where the 
factor of proportionality / for a conductive sphere is given). Henry and Brittain ‘ 
demonstrated such an extreme case by showing that the electrophoretic movement of a 
silver wire in a moderately concentrated solution of silver nitrate {conducting cylin¬ 
der _L field, X a ^ 1) is not perceptible. 

In most practical cases of metallic colloidal particles, however, it is almost certain 
that the influence of the conductance of the particles is neutralized by the polarization 
at the surface, a polarization tension of a few microvolts * being sufficient to stop any 
further passage of electricity through the particle. In this case the particle behaves as 
if it consisted of a non-conducting substance. 


• D. C. Henrv and J. Brittain. Ptoc. Roy. Soc. London, A 143 (1931) 130. 

* Usually electrophoresis is carried out at a field strength of the other of 10 volts cm. The diameter 
of colloidal particles is of the order of 10“« cm. the tension over the particle being thus 10/iV. 
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b. The influence of relaxation 

It is necessary now to consider the different restrictions used in the derivation of 
the electrophoresis equations and answer the question if these restrictions are necessary 
and justified and if it is possible to indicate how the necessary corrections can be applied. 
In the last part of the previous subsection, it has already been indicated how the electro¬ 
phoretic velocity is influenced when the restriction that the double layer is thin is no 
longer satisfied. 

Deviations from the restriction (27) that the surface conductance is small can be 
envisaged in two different ways. 

A. In the frame of Von Smoluchowski's treatment of electrophoresis deviations 
may result from the surface conductance of the particle. In this case the electric current 
is concentrated in the neighbourhood of the particle. In order to prevent an accumula¬ 
tion of electricity at the limits between the highly conducting surface layer and the 
weakly conducting bulk of the liquid a counter E.M.F. is generated and the electro¬ 
phoretic velocity is decreased. 

• B. In Huckel's and Henry's treatment of electrophoresis the reader who is familiar 
with the theory of the conductivity of strong electrolytes ‘ will have missed the so-called 
ume-of-relaxation effect. This effect, originating in the deformation of the double layer 
also has a retarding influence on the electrophoresis. In the applied field the charge of 
the double layer is displaced in a direction opposite to the movement of the particle. 
Not only does this charge retard the electrophoresis by its movement (electrophoretic 
retardation see § 6a), but also by the dissymmetry of the double layer resulting from this 
displacement a retarding potential difference is set up. 

Both methods A and B attack fundamentally the same problem, insofar as the 
surface conductance of the first method is a direct consequence of the presence of the 
double layer. In the first case the counter E.M.F. results as a stationary equilibrium 
between extra supply of electricity through the surface layer and a counter current 
originated by this E.M.F. In the second case the extra supply of charge from the double 
layer is dispersed in the stationary state by conduction and by diffusion. So the second 
method is perhaps able to describe the time-of-relaxation effect in more detail, but 
fundamentally there is no difference between the two methods. 

The problem of the influence of the timc-of-relaxation effect on electrophoresis 
has been attacked by various authors *. They treat it in different ways and different 
approximations. Owing to the mathematical intricacies their results are far from satis¬ 
fying. More recently Overbeek Booth * and Henry * independently have given new 
treatments of this effect. Booth'** and Overbeek^ treated the relaxation effect for 
spherical insulating particles surrounded by a Gouy double layer. Booth '**’ and 


* sec «. g. D. A. MacInnes, The principles of elecirochemistry, New York 1939, p. 326 or any other 
modern textbook on electrochemistry. 

* H. H. Paine, Trans. Faraday Soc.. 24 (1928) 412; M. Mooney,/. Phys. Chem., 35 (1931)331; 

J. J. Bikepman. Z. physik. Chem., A 171 (1934) 209; S. Komacata, Researches Elektrotech. Lab. 
Tokyo, No. 387 (1935). J. J. Hermans, Phil. Mag., (7) 26 (1938) 650. , , ^ ^ 

^a. J. Th. G. Overbeek, Thesis, Utrecht 1941; Kolloid Beihefte, 54 (1943) 287; b. J. Th. O. 
Overbeek, f>/n7t>s Research Repts. 1 (1946) 315; c. See ako: J. Th. G. Overbeek in Advances m Colloid 
Science III, New York 1950, 97—135. 

F. Booth, Nature, 161 (1948) 83, Proc. Roy. Soc. London, A 203 (1950) 514. 

F. Booth, Trans. Faraday Soc^, 44 (1948) 955. 

5 D. C. Henry, Trans. Faraday Soc., 44 (1948) 1021, 
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Henry * both considered the influence of a large surface conductance and found that 
it could depress the electrophoretic velocity considerably, especially for small particles. 

As at the moment of writing this chapter details of the treatment of Booth ® were 
not yet available, we shall now give a short description of Overbeek's results. In the 
provisional paper by Booth it is mentioned that the results of these two authors are in 
fair agreement. Overbeek found that the counter E.M.F. of relaxation is in the first 
approximation proportional to C for unsymmetrical electrolytes and to for symmetri¬ 
cal electrolytes. The resulting electrophoresis equation is of the form 

PE = (/. (Henry) — /, (r ,—Zt) C — /, = ^7 / (>'- ^ (29) 

Fig. 6 shows for a constant negative value of K (50 millivolts) how / (xa, ;) depends 
upon the value of xa and the valency type of the electrolytes. 


Typical features of Fig. 6 are: small relaxation effects for small and for large x. a, the spreading 
of the valencies, particularly retardation by symmetrical electrolytes and electrolytes having polyvalent 
cations and acceleration by polyvalent anions. These effects may be accounted for in the following way. 

With a 4—1 electrolyte the charge of the double layer is mainly an excess of cations, with a 1—4 
electrolyte it is a defect of anions, whereas in the case of a symmetrical electrolyte excess of cations and 
defect of anions are equal. By the applied electric held the anions are transported in the same direction 
as the particle, the cations in the reverse direction. It is easy to see that the excess of cations so gives rise 
to a retarding held and the defect of aniorts to an accelerating held, which explains the valency rule of 
Fig. 6. The small retardation by symmetrical electrolytes is due to a somewhat more complicated 
mechanism. The small effect for small x a is analogous to the ideal behaviour of very dilute electrolytes. 
As to the small effect for large x. a see Overbeek, ref. 3b p. 210. 


In using Overbeek's calculations on the time-of-relaxation effect one must keep 


in mind that his calculations are made for the limiting case of small ^-potentials ( 


lj? 

kT 


1) and that the application to > - potentials larger than 25 mV as are frequently 
encountered in colloid chemistry leaves reason for doubt as to the quantitative validity. 
Nevertheless several important conclusions may be drawn. 


1. The relaxation correction is not important (smaller than a few percent) for 
values o{ K <^25 mV. 

2. For very small values of x a the relaxation correction may be neglected. How¬ 
ever, these small values will practically never occur in colloids. The smallest value of 
X is of the order of I 0 ^(c — 10 “‘ mol/litre)and the smallest value of a of the order of 
10 '* cm, so that a is practically always larger than 0 . 1 . 

3. For intermediate values of ;< a (0.1-100) the relaxation effect may give impor¬ 
tant corrections if ' is not very small. This means that very often conclusions as to the 
value of C evaluated by electrophoretic measurements of colloids are open to serious doubt. 

4. For very large values of x a the relaxation effect again becomes small. This has 
been proved by Overbeek jn a more general way irrespective of the shape of the 
particle so that Von Smoluchowski’s equation (26) remains valid also if relaxation is 
taken into account. 

In practice these cases of very thin double layer may be found in coarse colloids 
co.itainmg a great deal of electrolyte and generally in suspensions. 


* D. C. Henbv, Trans. Faraday Soc., 44 (1948) 1021. 

• F. Booth, Nature, 161 (1948) 83, Proc. Roy. Soc. London, A 203 (1950) 514. 
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Conclusion 3 is especially important as it has been the custom for a long time to 
calculate ^ from electrophoresis experiments and it has been shown now that these 
values of ^ cannot be trusted. 

Experimental evidence for the fourth conclusion can be found in the observations 
of Freundlich and Abramson ^ who found that the electrophoretic velocity of particles 
of quartz and other materials coated with egg albumin was independent of the shape 


5.Tn 

-TTe-'^c: 





Fig* 6. The influence of the relaxation for different types of electrolytes 
on a negative particle. C * —50 mV. The dotted line is Henry's curve, 
calculated without taking account of the relaxation. 

and the dimensions of the particles. As the particles used were all larger than 1 ^ and 
the experiments carried out mostly in buffer solutions with x > 10* the condition h a 
^ 1 was amply fulfilled. 

A remarkable fact which is less easy to interpret is the fact that the electrophoretic 
velocity of pure egg albumin notwithstanding the smallness of the particles (a = 2 * 
10 “’ cm) was found to be the same as that of the coated surfaces 

Moonfy however, found that the electrophoretic velocity of oil droplets depended on the size of 
the droplets. If the droplets were covered with albumin the influence of the size disappeared. The 
explanation may perhaps be found in the special character of the double layer at an oil-water interface 

(cf. Chapter IV). ^ , 

In the smaller droplets the double layer in the oil cannot develop to its full extent with a lower¬ 
ing of the ^ - potential as a consequence. Moreover electrophoretic motion within the oil phase may 
complicate the phenomena. 


* H. Freundlich and H. A. Abramson, Z. physik. Chem., 128 (1927) 25; 133 (1928) 51, cf. Abram- 

* cf. T. Th. G. Ovepbeek, Advances in Colloid Science III, New York 1950, p. 129. 

^ M. Mooney,/. Phys. Chem., 35 (1931) 331; Phys. Rev., (2) 23 (1924) 396. 
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Abramson^ and many other authors prefer to calculate the charge density o 
instead of the C-potential from electrokinetic phenomena. In principle there is no 
objection against doing this but as the calculation of o is often based upon the validity 
of the simplified Debye-Huckel equations, in many cases the values of a so found are 
not reliable *. Moreover we have seen ’ that in most cases the surface potential is a more 
fundamental characteristic of the interface than is its charge. 


6 7 EXPERIMENTAL METHODS FOR THE DETERMINATION OF THE 

ELECTROPHORETIC VELOCITY 

a. Introduction 

Although it has been pointed out that experiments on electrophoresis are some¬ 
times difficult to interpret, they remain important in several respects. Firstly when the 
electrophoretic velocity is small, v is proportional to C and especially the zeropoint of 
electrophoretic velocity and thus of the t;.potential can be determined accurately. 
Secondly when the double layer is thin, K can be evaluated with confidence and finally 
in the field of biocolloids electrophoretic velocity has been used to characterize different 
colloids (especially proteins) and has been applied as a means of separating them. 

b. The Hittorf method 

The electrophoretic velocity may be determined in the same way as the transport 
number of an electrolyte. A certain current i is sent through a colloid during a time t, 
and the quantity of colloidal material (g) that has been displaced to anode or cathode is 
determined analytically. As the charge of a colloidal particle is relatively much smaller 
than that of an ion the mass of displaced material is comparatively large and this method 
of determination is fairly accurate *. 

The electrophoretic velocity, is given by 


vr; = ^ (30) 

at 

when A is the conductivity of the liquid and c the concentration of the colloid in 
grams/cm^ 

The method, despite its advantages, has seldom been used. We cite only Paine, 
Pauli, Tattje 

The last named author used the Hittorf method not only to determine the electro¬ 
phoretic velocity but also in the same experiment the mobility of the counter ions. 


* c/. Abpamson, book, page 107. 

* c/. Chapter IV, page 129. 

^ cf. Chapter IV, page 126. 

* A. Tjselius in Abderhaldf-n's Handbuch der biologiuhen Arbemmelhoden III B, Berlin 1929, 
p. 666; W. Pauli and E. Valko, Elektrochemie der KoUoide, Vienna 1929, p. 160. 

' H. H. Paine^ Tram. Faraday Soc., 24 (1928) 412; W. Pauli and L. Encfl, Z. physik. Chem,, 
126 (1928) 247; P. Tattje, Them, Utrcchi 1941. 
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c. The moving boundary method 

The observation of the displacement in an electric field of the boundary between a 
colloidal solution and the colloid-free dispersion medium offers another way of deter¬ 
mining the electrophoretic velocity. A simple apparatus» 
for this method is represented in Fig. 7. 

The lower part of the U-shaped tube is filled with 
the colloidal solution, the upper part with pure dispersion 
medium. When a potential difference is applied between 
the electrodes A and B, the boundaries are displaced and 
this movement can be measured fairly easily, allowing 
conclusions as to the sign of the charge and the electro¬ 
phoretic velocity of the particles. 

To avoid disturbances by reaction products genera¬ 
ted at the electrodes it has been recommended * to put 
the working (current carrying) electrodes in side tubes 
and to use the electrodes A and B for measuring 
purposes only. 

A more serious difficulty of this method is formed 
by the choice of the supernatant clear liquid. The first 
requirement which has to be met, is that during the 
electrophoresis the colloidal particles remain in a liquid 
of constant composition because this composition may 
influence the ^-potential. The ultrafiltrate of the sol 
has been frequently used for this purpose. If however the 
conductivities of sol and ultrafiltrate are different (which 
is the case when the sol is relatively concentrated and 
the electrolyte content low) we get into other difficulties. 

Then the potential gradient in the U-tubc shows dis¬ 
continuous changes just at the place of the boundaries, 
where the electrophoresis has to be observed. KRUYxand 
Van Der Willigen {I.c.) indicated how this distribution 
of the electric field could be taken into account, but later 

discussions by various authors * showed that the difficulties are of a more fundamental 
nature. 

As follows from the discussions, the moving boundary method can only give 
reliable results in two cases. 

A. The contribution of the colloidal particles to the electrical conductance may be 
neglected. In that case the ultrafiltrate (or a synthetic liquid having the composition 
of the ultrafiltrate) is the correct supernatant liquid. The particles remain always in the 



Fig. 7. Apparatus used by 
Burton for the determination of 
the electrophoretic velocity by the 
moving boundary method. 


‘ E. F. Burton, Phil. Mag., (6) 11 (1906) 425; In a very simple form this method had already been 
used by H. Picton and S. E. Linder./. Chem. Soc., 61 (1892) 148. 

-HR Kruyt and P. C. Van Der Willicen, KoUoid-Z-, 44 (1928) 22. 

3 W Hacker, Kolloid Beihefte, 41 (1935) 147; KoUoid-Z., 62 (1933) 37, 66; D.C. Henry and 
I Brittain, Trans. Faraday Soc., 29 (1933) 798; J. Mukhebjee, KoUoid-Z., 65 (1933) 297; 
G S Hartley, Trans. Faraday Soc.. 30 (1934) 648; C. Robinson and J. L. Moillet, Proc. Roy. Soc. 
London, A 143 (1934) 630; J. L. Moillet, B. Collie, C. Robinson, G. S. Hartley, Trans. Faraday 
.Soc.. 31 (1935) 120. 
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same surroundings, and the potential gradient is constant so that the interpretation of 
the moving boundary method offers no difficulties. 

This case has acquired a great significance in the hands of A. Tiselius •, whose 
electrophoretic apparatus is now widely used to follow the electrophoresis of proteins 
in pure preparation and in mixtures (see below § 7d). 

B. If the contribution of the particles to the conductance is not small but if the com¬ 
position of the sol not only with respect to the number and the charge of the sol par¬ 
ticles but also to that of the ionic components is exactly known, 
in favourable cases a suitable supernatant (colloid-free) liquid 
may be found either by calculation or by experiment. 


M 


1 


Fig. 8. Moving boun¬ 
dary between a colloi¬ 
dal solution C+ A"- 
and a solution of an 
electrolyte M+ A". 


As an example * the case of a sol consisting only of colloidal ions C+ and 
an equivalent amount of counter ions A“ will be treated briefly. The colloid- 
free solution contains an electrolyte M+ A- and is supposed to be above 
the boundary of Fig. 8. The electric fleld is applied in such a direction that 
the boundary descends. The solution M A has now to obey several conditions 
in order that this motion of the boundary be well defined and easy to follow. 
In order to avoid a mixing of the two solutions M+A- has to be the lighter 
of the two solutions. Furthermore the mobility of the ion has to be 
slower than that of the colloid ion C*. This has a restoring effect on small 
disturbances in the neighbourhood of the boundary. If by diffusion an ion 
M+ gets into the solution C'^A- it will automatically lag behind and rejoin 
the original solution. Finally the concentration of M A has to be well adapted 
to that of the colloid so that the field strength in the upper solution is just so 
much larger than that in the lower one, that the difference in mobility of the 
ions C *- and M+ is exactly compensated. 


The number of conditions, which have to be satisfied, is so large that only in very 
simple cases can a solution be found and although the moving boundary method has 
given very accurate results in the case of electrolyte solutions the applicability to colloi¬ 
dal systems remains restricted 


d. The Tiselius method 

Although the Tiselius method is an application of the principle of the moving 
boundary (§ 7c) it contains so many special features that a separate treatment is com¬ 
pletely justified. 

This method has been developed from the apparatus of Burton sketched in Fig. 7. 
In the first place the boundary between the sol and the colloid-free solution is made by 
shifting two parts of the electrophoresis vessel along each other. The lower part con¬ 
tains the sol and the upper part the clear solution (see Fig. 9). 

Further the cross section of the electrophoresis tube is not round but rectangular 
giving far better possibilities of observation and a more intimate contact with the 


* A.Tiselius, The moving boundary method of studying (he electrophoresH of proteins. Thesis, Uppsab 

1930; A. Tiselius. Svensk Kem. Tid. 50 {1938) 58; A. Tiselius, Trans. Faraday (1937) 524; 

A. Tiselius, KoUoid-Z., 85 (1938) 129. 

* See for example D. A. MacInnes, The principles of electrochemistry, New York 1939, p. 69. 

* c/. J. L. Moillet, B. Collie. C. Robinson, and G. S. Haptley, Trans. Faraday Soc., 31 (1935) 
1^0, who applied this method to colloidal electrolytes of the paralfin chain salt type. 
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0 b 

Fig. 9. U-tube of Tiselius apparatus, side view, 
o. Working position. 
b. Filling position for the upper part. 

The lower part has already been filled with sol. 


thermostat liquid so that greater current densities can be applied without setting up 
convection currents (Fig. 10). 

The determinations are usually carried out near 4® C. where aqueous solutions 
have their maximum density. Consequently small temperature differences lead only to 
extremely small density differences with great benefit 
for the thermal stability. 

The working electrodes are of the reversible 
(non-gassing) type and are placed in very large elec¬ 
trode vessels so that the danger of 
contamination of the sol by the 
electrode reaction products is 
avoided even in prolonged expe¬ 
riments (Fig. 11). 

The supernatant colloid-free 
liquid is usually prepared by 
dialysis. See on this point however 
the remarks made in § 7c, p. 214. 

Finally the observational technique has been 
greatly improved. The wish to determine the electro¬ 
phoretic velocity of proteins and other non-coloured 

solutions required a method not based upon colour differences. Nowadays the obser¬ 
vations are usually carried out with the aid of the "Schlieren” method of Toepler in 
one of its modern modifications * or with the more accurate but also more time-con¬ 
suming scale method *. These methods of observation are based upon the difference 
in refractive index of the two solutions. 



Fig.10. Horizontal 
cross-section 
through U-tube. 



Fig. 11. Complete electrophoresis 
apparatus. 


In Fig. 11 a parallel light beam is sketched which passes through a solution with a concentration 
gradient in it. This concentration gradient involves a gradient of the refractive index. The wave front 


' J. St. L. Philpot, Nature, 141 (1938) 283; L. G. Loncsworth, Ann. N. Y. Acad. Sci., 39 (1939) 
188; Jnd. Eng. Ghent. Anal. ed. 18 (1946) 219; L. G. Loncsworth, and D. A. MacInnes, Chem.Revs. 
24 (1939) 271; H. Svensson, KoUoid-Z.,81 (1939) 181; Arkiv Kemi Mineral. Geol., 22 (1946) No. 10. 
- O. Lamm, Nova Acta Regiae Soc. Sci. Upsaliensis, 10 (1937) no. 6. 
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of the rays which passes through the gradient and which is vertical before the cell is passed changes 
gradually into a more inclined position. When the beam has passed the cell, rays passing the gradient 
region are now directed downwards, the angle they make with the horizontal being a measure of the 
refractive index gradient. The further observation of the diverted beam is different in the different 



Fig. 12. Horizonul light beam falling on a cell with a horizontal 
concentration gradient. In the middle rays the direction of the wave 

fronts lias been indicated. 


methods. In the Philpot-Svensson method (Fig. 13) an inclined slit is placed in the plane of the normal 
and the deviated image of the light source. The undeviated light passes through this slit at A. The 
deviated images are the more in front of A the more they have been deviated. Now with the help of a 
spherical and a cylindrical lens the cell and the inclined slit are both imaged on the photographic plate. 


ctit with 


tost ffoe 



NNs fiormonmogt 
00^ tfr*ogt 

of tight iotirot 

Fig. 13. Sketch of diagOMl shi "Schliercn** method. 


As a cylindrical lens is present in the light path it is impossible that both horizontal and vertical image 
of the same object are sharp. The focussing is now chosen in such a way that horizontal lines from the 
cell but vertical lines from the plane of the inclined sin are truly pictured. 

In the photographic plate therefore the vertical ordinate gives a measure of (he place in the ceil, 
the horizontal one a measure of the refractive index gradient. 

When no refractive index gradient is present the picture consists of one vertical hnc (the b.isc 
line). A gradient is indicated by a hump in the curve, (he place of the m.ixiinuin of (his hump being 
measure for the position of tlie boundary, the narrowness of the hump a measure of the sharpness of 
the boundary and the surface under the hump a measure for the concentration difference on boih sides 
of the boundary. 

The same method of observation can be used in diffusion measurements and in sedimentation 
measurements with the ultracentnfuge. 
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The Tiselius method of determining electrophoresis has been especially impor¬ 
tant tn the investigation of proteins and other hydrophilic colloids. One of its essential 
features is the possibility of determining electrophoresis in a mixture of different pro¬ 
teins. The Schlieren picture then contains two or more different humps. Another inter¬ 
esting feature of the method is the possibility of using it for the separations of mixtures 
of proteins. 


c. The (ultra) microscopic method 


In the microscopic or the ultramicroscopic method, the movement of individual 
particles in the electric field is observed under the microscope (or ultramicroscope, 
when the particles are small). An advantage of this method over the moving boundary 
method is the fact that the particles remain and are observed in their natural surroun¬ 
dings. No difficulties arise from 
the complicated conditions at 
the separation plane of sol and 
colloid-free liquid. Another ad¬ 
vantage of the microscopic 
method consists in the small 
quantities of colloidal solution 
necessary for a determination. 

The colloidal solution is 
placed in a cell of rectangular 
or circular profile. The electro¬ 
phoretic motion of the particles 
is observed microscopically, 
whereby the time necessary to 
cover a certain distance is 
determined. As the particles are 
subject to BROWNian motion, it 
is necessary to take the average 
of several determinations. 

Moreover the liquid as a whole 
has a rather complicated move¬ 
ment on account of the electro- 
osmotic movement along the 
walls of the cell. This electro- 
osmotic movement tries to dis¬ 
place the liquid in the direction 
of one of the electrodes, thereby 
generating a difference of pres¬ 
sure between the extremities of 
the cell. As a consequence of 
this pressure difference a re¬ 
turn flow of liquid exists, obeying the laws of laminar flow. In the stationary state, 
the total transport of liquid must be zero, by a balancing of the two flows mentioned 
above. This does not imply, however, that the liquid is at rest everywhere, because 
the return flow is strong in the middle of the cross-section and weak near the walls 



Fig. 14. Observed velocity of oil droplets at di^erenc depths 
of the cell. The drawn parabola corresponds to the theoretical 
equation (33) with an electrophoretic velocity of 3.18 • 10“^ 
cm^;V. sec. and an electro-osmotic velocity of 4.50 • 10“^ 

cm*/V.scc. 
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of the cell, whereas the electro-osmotic flow has a constant velocity all over the cell 
This velocity of the liquid is superimposed on the electrophoretic velocity of the 
particles and the only thing that can be measured directly is the sum of the two. Now 
the value of this sum is strongly dependent upon the place of the cross-section of the 
cell where the velocity is measured. A good example is given by Fig. 14, from the work 
of Ellis * where the measured velocity in a rectangular cell is plotted against the height 
of measurement in the cell. 


One method of correcting for the flow of the liquid would be to use the fact that 
as a whole the liquid is at rest. So it would be possible to evaluate the true electro¬ 
phoretic velocity by taking the average value of the observed velocity over the whole 
cross-section of the cell. It is, however, more practical to determine the profile of the 
liquid flow from theoretical considerations, and then measure the electrophoretic velo¬ 
city directly at a place of the cross-section, where the liquid is at rest. 

For a cylindrical cell with a radius a this place may be determined as follows. The 
velocity of the liquid, being the sum of a constant electro-osmotic flow, and a 

return flow following the law of Poiseuille, is given by 

V = p,.,. —C(a» —r*) (31) 


where r is the distance from the axis of the cylinder, and C a constant. 

The value of C is determined by the condition that the total flow through a cross- 
section must be zero, or 


fa 

2 Tc fP dr = 0 



or 



So the flow of liquid obeys 


p, 


V,. 



(32) 


Very near the wall, i.e., when r = a, the true electro-osmotic velocity (p = p, .o.) 
i> found. In the middel of the cell, (r = 0), the velocity has the same value but the 
opposite direction and the velocity zero is found when 2r^;a- — I = 0 or when 

r = A al 2. This means that m a cylindrical cell the true electrophoretic velocity can 
be measured at a distance \ a V 2 from the centre or at a distance from the wall equal 
to i (1 — 4 I 2) — 0.1464 times the diameter. 

In very much the same way the profile of the flow and the place where this flow 
is zero in a rectangular cell can be calculated. When the depth of the cell is d, and the 
distance from the top or bottom h, equation (32) is replaced by (33) for an infinitely 
large cell. 

^ p,.„. - 1-6 ( I (33) 

In such a cell i; ~ 0 when h d = 0.2113. In a cell with a finite breadth (6) the profile is 


‘ In the moving boundary method the same complications would arise. Only in this case the return 
flow caused by the pressure has a practically constant value over the whole cross section if the U-tube 
used is sufhcienily wide. 

* R. Ellis, 2. phyak. Chem., 78 (1912) 321. 
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more complicated and the distance from the wall where = 0 depends on the ratio of 
breadth and depth of the cell. (On the supposition that the measurement is carried out 
in the middle of the breadth). 

Table 1 * shows that as soon as the cell is not extremely flat {bjd < 20) the value 
of h where p = 0 deviates markedly from the value for b = c'o. 

TABLE 1 

ho = height where the liquid is at rest in a rectangular electrophoresis cell. 

d = total depth of the cell, b = breadth of the cell. 


b:d 

hold 

3.183 

0.162 

10.0 

0.194 

20.0 

0.202 

50.0 

0.208 

Cv3 

0.2113 


For accurate measurements it is always necessary to determine if the liquid motion is symmetrical 
around the axis of the cell, especially if rectangular cells are used cemented together from plateglass, 
because in this case a difference between the top and bottom plates may introduce serious dissymmetries. 

The microscopic method, apart from giving a value for the electrophoretic velocity 
can also be used to determine the electro-osmotic velocity. The movement of the liquid, 
as described by the eq. (32) or (33) cannot be measured directly but if the liquid con¬ 
tains particles in suspension and if the movement of these particles is determined for at 
least two different heights the velocity of the electro-osmosis may be evaluated. In the 
circular cell for instance 

Pro. = Vr. a -Pr-ioVa 

or Pro. = Pr ^ i o \/2 — Pr= 0 

This last equation especially offers an accurate way of determining the electro-osmotic 
velocity. 

Microscopic measurements of electrophoresis have been carried out in a number 
of different ways. One of the more standard types * of cells is sketched in Fig. 15. This 
cell, frequently used in biochemical work, contains reversible electrodes (zinc rods in 
saturated ZnSOi). 

The field strength is determined either with the help of measuring electrodes in 
the middle part of the cell or by calculation from the current, the conductivity of the 
liquid and a cell constant. 

A cylindrical cell based upon the same principle has been developed by Mattson , 
who used a thick-walled capillary ground flat at the place of observation. 

Another type of cylindrical cell has been described by Van Gils and Kruyt * and 
improved by Troelstra and Kruyt This cell using a thin walled glass capillary allows 


1 J. Allen, Phil. Mag.. 18 (1934) 488; S. Komacata, Researches Elecirotech. Lab. Tokyo, 
Comm. No. 348 (1933). 

^ H. A. Abbamsom,/. Gen. Physiol., 12 (1929) 469;/. Phys. Chem., 36 (1932) 1454. 

J. H. Northrop and M. Kunitz, /. Gen. Physiol., 7 (1925) 929. 

^ S. Mattson,/. Phys. Chem., 37 (1933) 223. 

•• G. E. Van Gils and H. R. Kruyt, Kolloid-Beihefte, 45 (1936) 60. 
s S. A. Troelstra and H. R. Kruyt, Kolloid-Z., 101 (1942) 182. 
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a very accurate control of the temperature. This cell allows greater accuracy than that 
of Mattson, except when the concentration of the electrolyte is high, because the "Van 

Gils” cell does not contain reversible electrodes. 

In the foregoing it has been assumed that the particles whose electrophoretic 
mobility is to be measured can be made visible either in the microscope or in the ultra- 



microscope. Consequently the method seems to be inapplicable to hydrophilic sols, 
where the particles cannot be observed separately. Nevertheless even in this case the 
microscopic method can often be applied when the hydrophilic colloid is adsorbed on 
small particles, for example, of quartz or carbon. The electrophoretic mobility of these 
(easily visible) adsorption complexes appears often to be the same as that of the free 
colloids (c/. § 6b, p. 212 of this chapter and Ch. VII of vol. II). 

§ 8. POTENTIALS OF MOVING PARTICLES 

The potential differences caused by the movement of particles through a liquid have 
only been investigated very rarely and rather superficially. The technique is difficult and 
it is not to be expected that the experiments will give additional information to the 
results of the other electrokinetic phenomena. We mention here the experiments of 
Dorn ’, Billiter *, Makelt’ and Stock *, the last of which could confirm Von Smolu- 
CHOWSKi's ^ equation for this phenomenon. 

E = ^')ng (34) 

j h 


* E. Dorn, Wied. Ann.. 10 (1880) 70. 

* J. Billiter, Ann. Physik. (4) 11 (1903) 937. 

^ H. Freundlich and E. Makelt, Z. Elektrochem., 15 (1909) 161. 

* J. Stock, Bull, intern, acad. sci, Cracovic, A (1913) 131; (1914) 95. 

^ M. Von Smoluchowski, Craeu Handbuch der EUktrizitiit und dei Magnetismus II, Leipzig 
1921, p. 385 
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where r is the radius of the falling spheres, n their concentration, S and 8' the density 
of the spheres and of the liquid, the viscosity, X the specific conductivity and g the 
gravitational constant. 

A later investigation of Burton and Currie ^ with shot falling through water and 
organic liquids is again only of a qualiutive character. 

Recently the method has been taken up again by Rutgers and Jacobs * who used a 
centrifugal field instead of a gravitational field and found with this method a C - po¬ 
tential of 87 mV for an AsjSa-sol, a very plausible value. 

An analogous effect can be measured if a suspension or sol is subjected to ultrasonic 
vibrations. As a consequence of the difference in motion between the particles and the 
dispersion medium potential differences arc generated between the nodes and the 
antinodes of the ultrasonic wave 


§ 9. A COMPARISON OF THE RESULTS OF DIFFERENT ELECTRO- 
KINETIC PHENOMENA. THE VALUE OF ; IN DIFFERENT 

CIRCUMSTANCES 

a. Comparison of different methods 

In the foregoing sections it has been pointed out, that an evaluation of the K- 
potential from electrokinetic phenomena meets with many difficulties. In most of the 
older investigations the influence of the surface conductance and of the time-of-relaxa- 
tion effect has not been fully distinguished. So, although there exists a great number of 
investigations on electrokinetics, only relatively few can be accepted as a basis for com¬ 
puting ^-potentials. In order to ascertain whether the notion of C has got a base in 
reality, it will have to be verified if identical values for the j;-potential are found, 
irrespective of whether it has been evaluated from electrophoresis, electro-osmosis or 
streaming-potential. 


a. 1. Electro-osmosis and streaming potential 

In the first place electro-osmosis may be compared with streaming potentials. 

In this case identical conditions at the interface can be provided without difficulties 
by the use of one apparatus where the same liquid and the same diaphragm is used for 
the two experiments. It follows from § 5 cq. 24 that EjP has to be equal to vli, both 
being equal to e ^/4 i^v) X when surface conductance is absent. This equality has 
already been tested by Saxen * who could confirm it for relatively concentrated solu¬ 
tions. For pure water, however, he found deviations from equality. Some results of 
Saxen are shown in table 2 giving values of EjP from streaming potentials and p/i from 
electro-osmosis for the same diaphragm of clay. 


> E. F. Bubton and J. C. Currie, Phil. Mag., (6) 49 (1925) 194. 

*G. Jacobs, Mededeel. Koninkl. Vlaam. Acad. Wetenschap. BeIg.Klasse Weienschap., 7 (1945) 
no. 4; A. J. Rutgers, Nature, 157 (1946) 74. 

’P. Debye, J. Chem. Phys., 1 (1933) 13; J. J. Hermans, Phil. Mag. (?) 26 (1938) 674 
A. J. Rutgers, Physica, 5 (1938) 46; A. J. Rutgers, A(amre, 157 (1946) 74;J. Vidts, Mededeel. Koninkl. 
Vlaam. Acad. Wetenschap. Belg. Klasse Wetenschap., 7 (1945) no. 3. 

^ U. Saxi' n, Wied. Ann., 47 (1892) 46. 
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TABLE 2 

Comparison of electro-osmosis and streaming potentials 


1 

Solution 

V i 

£ P 

1 

0,0174 molar ZnSO, 

0.360 

0.352 

0.0261 „ ., 

1 0.382 

0.379 

0.0348 

1 0.346 

0.344 


That Saxen found a difference between £/P and vH for very low concentrations 
of electrolyte must be ascribed to an inadequate experimental technique, as this equality 
is of a fundamental nature, independent of the specific conditions in the plug {see § 5). 

In later years the equivalence of electro-osmosis and streaming potentials has been 
tested again. In this respect the work of Rutgers and collaborators and that of Wijga 
deserve special attention. In the earlier experiments of Rutgers ‘ and his school a 
systematic difference was found between C ^.o. and K s-p- for glass capillaries. Later 


lA mV 



Fig. 16. ^-potentials of pyrex glass evaluated from cicctro-osmosis (•) and 
from streaming potentials ( x ) as a function of the concentration of electrolyte. 
The data for KNO^ derived from electro-osmosis should probably be disregarded 
owing to a different treatment of the capillary, as m this case the water value 

{c = 0) IS abnormally high. 


* A. J. Rutgers, E. Verlende, and Ma. Moorkens, Proc. Acad. Sci. Amsierdam, 4\ (1938) 763: 
E. Verlende. Proe. Acad. Sci. Amsterdam. 42 (1939) 764; A. ]. Rutgers, Trans. Faraday Sac.. 
36 (1940) 69; M. De Smet, Mededeel. KoninM. Vlaom. Acad. Wetenschap. Bcig. Klasse Wetenschop-. 
3 (1941) no. 12, 14; 4 (1942) no. 4, 8. 
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experiments ^ of the same school of investigators showed, however, a complete accord 
between electro-osmosis and streaming-potentials. 

In Fig. 16, taken from Wijga’s work ®, the C-potentials of a glass capillary in con¬ 
tact with solutions of electrolyte have been plotted against the concentration. The 
values found with streaming potentials (crosses) and with electro-osmosis (dots) fall 
on the same curve. 

The deviations between the two methods for small concentrations of KNOj must be explained by 
different treatments of the capillary as in this case the ^ - value for pure water as found by electro- 
osmosis was abnormally large (153 mV against 137-140 mV in all other cases). 


Monaghan, White and Urban ® who determined the zero-points of electro¬ 
osmosis and of streaming potential of glass in contact with solutions of salts like AICI3 
or ThCl„ reversing the sign of the charge, found a difference between electro-osmosis 
and streaming potentials, in this respect, that the zero-point was reached for a lower 
concentration in streaming pxatentials than in electro-osmosis. The explanation probably 
is that these solutions contain such a small quantity of the polyvalent ion that they are 
not sufficiently buffered in this respect. In the experiments on streaming potentials 
much larger quantities of liquid are used which keeps the effective value of the ionic 
concentration at a higher value. If the glass was covered with gelatin, the iso-electric ’ 
points were found at exactly the same pH for electro-osmosis and for streaming 
potential. 


a. 2. Electrophoresis and electro-osmosis 

The equivalence of electrophoresis and electro-osmosis has also been repeatedly 
tested..It has been explained in § 6b that reliable values of the C-potential can only be 
calculated from electrophoretic measurements if the time-of-relaxation effect can be 
neglected. If ^ is not very small this is only realised in the case of large particles with a 
thin double layer. It follows from Henry’s considerations (c/. § 6a) that just in this case 
the electrophoretic velocity is equal to the velocity of electro-osmosis, both obeying the 
equation of Helmholtz-Smoluchowski (4, 26). This equality can be demonstrated 
very clearly by the ultramicroscopic method for the determination of the electrophoretic 
velocity. 

Near the wall of the cell, the electro-osmotic flow just counterbalances the electro¬ 
phoretic velocity when the ^potentials of the wall and the particles are identical. 
The great difficulty of this method of testing is to get small particles and a flat (or cylin¬ 
drical) wall having exactly the same electrokinetic properties. 

Satisfactory results have been obtained by covering both the particles and the wall 
with a layer of a protein which is readily adsorbed thereon and makes them as far as 
electrokinetics are concerned absolutely equal. The concentration of protein in the 
liquid necessary to reach a complete covering is often astonishingly small (css 0.01 %). 


1 M. De Smet, Mededeel. Koninkl. Vlaam. Acad. Wetenschap. Belg.Klasse Wetenschap., 7 (1945) 
no. 5; A. J. Rutgers and M. De Smet, Trans. Faraday Soc., 43 (1947) 102. 

* P. W. O. WiTGA, Thesis, Utrecht 1946. ^ ^ 

3 B. Monaghan, H. L. White, and F. Urban, J. Phys. Chem., 39 (1935) 585; cf. also R. Dubois 

and A. H. Roberts,/. Phys. Chem., 40 (1936) 5, 43. 
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Fig. 17. Velocity of particles in an electrophoresis 
cell. The particles and the walls of the cell are com¬ 
pletely covered with a protein. The drawn parabola 
constructed in the supposition that the electro- 
osmotic and electrophoretic velocities are equal, 
fits the data very well. In the dotted parabola the 
electro-osmotic velocity is supposed to be times 
the electrophoretic velocity. 

velocity is smaller than the electro-osmotic 
solution. From a theoretical point of view (c 
would be expected. 


Fig. 17 shows a plot of the velocity of 
the particles in an electrophoresis cell, 
covered with a protein. 

There is no doubt that the velocity 
of the particles, when extrapolated to 
the top and bottom of the cell, would 
be zero, thereby demonstrating the 
equality of the electrophoresis and 
electro-osmosis *. 

In Fig. 17 the dotted parabola has been 
constructed for an electro-osmotic velocity 1 ',2 
times as large as the electrophoretic velocity. 
This ratio is expected if the electrophoresis is 
described by Hockel's equation, v ^ t} 

and the electro-osmosis by Smoluchowski's 
equation, u s .4 rr^;. 

The same sort of experiments with 
dilute solutions instead of concentrated 
buffer solutions gave rise to a rather 
sharp controversy between Arramson 
and Moyf.r- and White® and collabora¬ 
tors. Abramson and Moyer find equality 
of electro-osmosis and electrophoresis 
even in the most dilute solutison, whereas 
White finds that the electrophoretic 
/elocity, the more so, the more dilute the 
. § 6b) a deviation in White’s direction 


a. 3. Electrophoresis and streaming potential 


In the lew cases * where this comparison has been carried out, ^ calculated from 
streaming potentials proved to be equal to s calculated from electrophoresis. 

Bull found deviations with quartz and cellulose. In the case of cellulose they might be explained 
by a conduction of electricity through the swollen cellulose. For the case of quartz no explanation is 
offered. 


a. 4. Conclusion 

Although the material is anything but abundant, and not in all points absolutely 
conclusive, we may nevertheless conclude that the three electrokinetic phenomena are 


’ Abramson, bookpg. 120; H. A. Abramson J. Cen. Physiol., 16 (1932) 1; H. A. Abra.mson and 
L. S. Moyer,/. Cen. Physiol., 19 (1936) 121. L. S. Moyer,/. Phys. Chem.. 42 (1938) 7), 391. 

* H. A. Abramson and L. S. Moyer,/. Cen. Physiol., 19 (1936) 727; L. S. Moyer, }. Phvs Chem 
42 (1938) 71.391. 

® H. L. White, B. Monaghan, and F. Urban,/. Phys. Chem. 39 (1935) 611, 925; H. L White 
and L. Fourt,/. Phys. Chem., 42 (1938) 29. 

* D. R. Briggs,/. Am. Chem. Soc., 50 (1928) 2358; H. A. Abramson,/. Am. Chem. Soc., 50 (1928) 
390; H. B. Bull,/. Phys. Chem., 39 (1935) 577. 
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all equivalent, and allow us to evaluate a same value for the C-potential from different 
experiments. 

This emphatically strengthens our belief in the reality of ^ and justifies the method 
of approach to the electrokinetic phenomena as given in the preceding sections. 

This does not imply, however, that we are now able to evaluate the exact value of ^ from electro¬ 
kinetics. There remains an incertainty as long as we do not possess separate evidence of the constancy 
of i and T] in the double layer. All electrokinetic phenomena are governed by the quantity 


which can only be simplified to 

if e and t) are considered as constants. 

A case where the notion of the C-pocential probably becomes unsound, is found in 
the electrophoresis of macromolecules (gum arabic or other long-chain charged colloids) 
where the slipping plane with a more or less constant potential cannot very well be 
imagined. 



b. Examples of ^-potentials 
b. 1. Glass-water interjace 

Very extensive researches have been carried out on the C-potential of the inter¬ 
face glass-water. Glass has a great many advantages for this work. It exists in plate- 
form, as diaphragms, as fine powder; capillaries can be made of it. The possibilities of 
using it as a glass-electrode can give information about the variations of the total poten¬ 
tial drop (s- potential) between the two phases. From a chemical point of view there are 
some disadvantages too (intricate composition, lack of definition, extraction of the 
surface layer by prolonged contact with water) but most authors have taken these into 
the bargain. 

Owing to the chemical differences no two researches in this field can be compared 
quantitatively although as a rule there is a good agreement in a qualitative way. 

A typical result ‘ is shown in Fig. 16 from Wijga's * work on electro-osmosis and 
streaming potentials. 

If ^ is plotted against the logarithm of the concentration straight lines have been 
found in many cases. Thus C can be represented by 

^ = A-B log c (35) 

Figures 16 and 18’ clearly show the different influences on the ^-potential. 
OH“ and H+-ions are potential-determining ions. So a small increase of OH--ions 
increases the (negative) ^-potential whereas H+-ions make it decrease. For somewhat 


' In older investigations often not only the curve for KOH but also those for other electrolytes 
show a maximum for low concentrations. This effect, the depression of C for very low concentrations, 
however, has to be ascribed to not taking account of the surface conductance, which has a tendency to 
lowering the values of E:P especially for dilute solutions. 

« P. W. O. WijGA, Thesis, Utrecht 1946. 

’ c/. A. J. Rutgers, and M. de Shet, Trans. Faraday Soc., 41 (1945) 758. 
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larger concentrations all electrolytes effect a decrease of the more so, the larger the 
valency of the cation (c/. rule of Schulze and Hardy, Ch. VIII). 

Fig. 19 shows that some electrolytes are capable of reversing the sign of the 

potential. 

Both Figs. 18 and 19 show that at very low concentrations X becomes nearly inde¬ 
pendent of c in the logarithmic scale. 

In order to explain this behaviour of C qualitatively. Fig. 20 may be useful. In it 
we pictured the variation of the potential with distance from the wall (c/. Ch. IV) and 

• mV 



Fig. 18. > against log c. Taken from work of RuTCERs. 


at a certain distance from the wall the slipping-plane is drawn, where the potential is 
equal to C. The curves 1 and 2 represent two cases with the same total potential (same 
concentration of potential-determining electrolytes) but the electrolyte content for 
curve 2 is much higher than that for curve 1. It is clear that ^ is decreased by addition 
of electrolytes and that the influence of higher charged counterions is much greater than 
that of ions of lower charge because the latter have less influence on the thickness of the 
double layer. The effect of the potential-determining electrolytes is twofold. In the 
first place they change vo and secondly they work like any electrolyte m compressing 

* A. J. Rutgers and M. De Smet, Trans. Faraday Soc., 41 (1945) 764. 
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Fig. 19. Reversal of the ^-potential by A 1 (N 03 ) 3 , ThCNOj)*, 

crystal-violet (Rutgers). 

the double layer. This is very clear in the case of potassium hydroxide (Fig. 16 and 18) 
which in very low concentrations makes K more negative because it makes vo more 


potenttai y 


I 




dutonce ffdm itit woU 


Fig. 20. Distribution of potential in the double layer. and C potentials. 

negative, but tn somewhat higher concentrations the effect of compressing the double 
layer prevails. 
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Nevertheless if one tries to draw more quantitative conclusions from tlus picture 
difficulties are still present. Eversole and Boardman ^ for instance calculate the distance 
between the slipping-planc and the interface from the ^-c relation found by 
dLrent investigator. They assume a double layer of the Gouy type with a stable 
value of ^ 0 . In many cases the results can be explained by a constant value 
value however, differing from one series of experiments to ariother, between 8 and 100 A. 
It cannot be denied that these values seem rather high to allow for a satisfactory mole¬ 
cular image of the situation of the slipping-plane. . ., , , i „ 

Bikerman “ suggested that the slipping-planc should be a sort of enveloping 
surface of the protrusions on the surface which might explain the larger values found 
by Eversole. But it seems rather hopeless to develop Bikerman s idea into a quantita¬ 



tive theory. A possibility that has not yet been fully tried out is the application of the 
Stern-Gouy picture of the double layer with the assumption that slipping plane and 
separation between Stern and Gouy layer coincide. For very small concentrations this 
picture would lead to a near identity of and ; and thus explain that at these low con¬ 
centrations electrolytes have no influence on K except the potential-determining ones 
HNOj and KOH. At higher concentrations the compression of the Gouy double layer 
would explain the lowering of v 

The special differences between different electrolytes of the same valency and the 
reversal of charge by strongly adsorbed electrolytes would enter easily into the same 
picture as a consequence of Stern's adsorption potentials. 


• W. C. Eversole and W. W. Boardman, /. Chem. Phys., 9 (1941) 789. 

* J. J. Bikerman, J. Chem. Phys., 9 (1941) 880. 
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It is known from experiments with the glass-electrode ^ that these electrolytes (A1 
salts, Th salts, crystal violet etc.), however strongly they influence K, have no effect on 
the total potential drop. The reversal of C can thus only be explained by a complicated 
variation of the potential in the double layer. This variation, represented schematically 
in Fig. 21 must be caused by a strong adsorbability * of the ions in question or of the 
products of their hydrolysis The adsorbed layer must bear a larger charge than is 
present on the wall, so that in the outer part of 
the double layer the charge (and the potential) 
must be reversed in order to maintain electro- 


CoEHN and Raydt* compared the electro- 
osmotic velocity of different liquids through a 
glass capillary and found a very regular depen¬ 
dence of the electro-osmotic counter pressure 
on the dielectric constants of the liquid and the 
material of the wall. 

However Fairbrother and Balkin *, 

Strickler and Mathews *, Perrin %and recently 
De Smet and Delfosse* obtained results devia¬ 
ting widely from those of Coehn and Raydt. 

In Fig. 22 we give the results of De Smet 
and Delfosse for solutions of KI in various 
solvents measured with the electro-osmotic tech¬ 
nique. Qualitatively the curves have the same 
aspects for all solvents. 

Verwey • also made a few experiments on 
electro-osmosis through diaphragms with non- 
aqueous solutions and paid particular attention 
to zero points of charge. For the materials he 
used (SiOj, AljOj, TiO^) he found that H+ and 
OH“ ions behaved as potential-determining ions. The nature of the liquid was of 
influence on the zero-point of charge. Water and acetone cause a more negative potential 
than methanol and ethanol. 

Mackor established that the zero-point of charge of Agl lies at a much lower 
concentration of I- in acetone than in water (see also Ch. IV). 

* See for instance H. Freundlich and G. Ettisch, Z. physik. Chem., 116 (1925) 401. 

2 G. Gouy, Ann. phys., (9) 7 (1917) 179, already introduced the concept of "triple layer” in his 
theory of the positive branch of the electrocapillary curve. 

3 cf. H. R. Kruyt and S. A. Troelstra, Kolloid Beihefte, 54 (1943) 262. 

-» A. Coehn and V. Raydt, Ann. Physik, 30 (1909) 777; See also M. Von Smoluchowski, Graetz 
Handbuch der EUktrizitiil and des Magnetismus II, Leipzig 1914, p. 403. 

- F. Fairbrother and M. J. Balkin,/. Chem. Soc., 53 (1931) 389, 1564. 

« A. Strickler and J. H. Mathews, /. Am. Chem. Soc., 44 (1922) 1647. 

■ J. Perrin,/, chim. phys., 2 (1904) 607; 3 (1905) 50. „ , k-i 

^ M. De Smet, and J. Delfosse, Mededeel. Koninkl. Vlaam. Acad. Weien^chap. Betg. Klasse 

Welenschap., 4 (1942) no. 10. 

E. J. W. Verwey, Pec. trav. chim., 60 (1941) 625. 

E. L. Mackor, Pec. trav. chim. 70 (1951) 747 


neutrality. 

6. 2. Organic liquids 


V 



Fig. 22. :^>potential from electro-osmosis 
with organic liquids against glass. 
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6. 3, Silver halides 

Silver halides have been investigated extensively with electrophoresis methods. 
Moreover with the silver halides the zero-point of charge, and therewith an absolute 
value for the surface potential could be determined analytically*. A remarkable 
parallelism between C and could be established, insofar as the zeros of and 

i; coincide and C is of the same order, though somewhat smaller than the '• 

cf. Fig. 23. 



Fig. 23. 'i'c ■ and l^-potential of Agl against the 
logarithm of the I-concentrationin the solution 
phase, is calculated according to 


V.- 


R T 


In 


Cl- 


F "• lO-'o* 

C is estimated from electrophoresis according 

to the equation 


The difference between Vo and " has been discussed above (Figs. 20, 21). The 
zero-points of ? and -y for the three silver halides are ® 


AgCl 

AgBr 

Agl 


Cs, = 10 -‘ 
Cx^ = 10 -»‘ 

Cw = lO-^-' 


Cu = 10-‘-’ 
C„, = lO-*" 
Cl = 10-“*" 


* E. J. W. Verwey and H. R. Kruyt, Z. physik. Chem., A 167 (1933) 149; A. Basinski, Rec. irnv, 
chim., 60 (1941) 267; I. M. Kolthoff and J. J. Lincane, }. Am. Chem. Soc., 58 (1936) 1531; J. A. W. 
Van Laar, unpublished, c/. Ch. IV, ^ 6a, p. 161. 

* S. A. Troelstra and H. P. Kruyt, Kollaid-Z-, 101 (1942) 182. 

* E. J. W. Verwey and H. R. Kruyt, I.c.; A. Basinski, /.c.; G. H. Jonker, Thesis, Utrecht 1943. 
p. "32; E. Lance and P. W. Crane, Z. physik. Chem., A 141 (1929) 225; J. A. W. Van Laar, unpu6/ij/ie<f. 
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.nH w unexplained, was found first by JuLiEN ^ on silver bromide 

u* titanium and zirconium and by Buchanan 

f j —BaS 04 . In all cases the zero-point of t; depended upon the degree 
of division of the wall material. Coarse crystals seemed to have a more negative charac¬ 
ter than fine ones. In the case of AgBr fine crystals (cxa 50 mji) were positive for Ag+ 

J ^ crystal could not be charged positively even by 
i phenomenon has been observed by Jonker * during the ageing 

of fresh AgBr sols where the zero-point is shifted to higher concentrations of Ag + 

thr. m mixtures of electrolytes it is possible to show rather directly the influence of 

Sh H I effect. Troeutra and Kruyt ^ determined the electrophoretic velocity of silver 

iodide sol particles, with addition of Ba(NO,)i and of mixtures of BafNOalj -f- KNO 3 . In small con- 



Fig. 24. Suppression of the time-of-relaxation effect by 

12 m mol/1 KNO 3 . 


centrations of BalNOa)^ the electrophoretic velocity without KNOg is considerably smaller than with 
KNOj. This may be explained by a suppression of the relaxation effect by KNO3 in a concentration 
not sufficient to lower the C-potential considerably. In large concentrations of BafNOs)* this electro¬ 
lyte itself removes the relaxation effect so that further addition of KNO, remains without effect. See 
Fig. 24. 


* P. F. J. A. JULlEN, Thesis, Utrecht 1933. 

* E. J. W. Verwev, Rec. trav. chim., 60 (1941) 625. 

^ A. S. Buchanan and E. Heymann, Nature, 161 (1948) 648, 691; /. CoUoid Sci., 4 (1949) 137, 
151, 157; Sec also R. Ruyssen and R. Loos, Nature, 162 (1948) 741. 

* G. H. Jonker, Thesis, Utrecht, 1943, p. 30. 

^ S. A. Tboelstra and H. R. Kruyt, KoUoid-Z., 101 (1942) 186, 187. 
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j;-potentials of metals have been investigated mainly by electrophoresis. As a 
consequence of the conductivity of metals electro-osmosis and streaming potential, 
although not altogether excluded, give rise to very complicated results *. 

Generally metals are negative with respect to water. An influence of the electro¬ 
motive series cannot be recognized. Probably all metals (except mercury, see below) are 
covered by a layer of chemically adsorbed oxygen. The electrons of the metal-oxygen 
bond arc displaced to the oxygen which gives rise to a dipole layer which may be seen 
as the cause of the negative ^-potential This explanation of the influence of the 
oxygen layer is made the more plausible by the fact that it has been possible to reverse 
the sign of the Jl-potential of carbon ’ and platinum « by carefully excluding all oxygen 

during the preparation. . , , 

For more details on this problem see Ch. IV, § 8a, p. 168. In a remarkable investiga¬ 
tion on mercury Frumkin ‘ showed that here the electrophoresis is complicated by 
polarisation phenomena at the mercury-water interface, which results in differences of 
interfacial tension betwen the mercury drops and the surrounding liquid. These 
differences in intcrfacial tension are the cause of liquid movements in the mercury 
drops, which may increase the electrophoretic velocity to such an extent, that practi¬ 
cally the whole electrophoretic retardation is nullified and the electrophoresis is nearly 
described by the simple Stokes equation 

u = QE. 6 :tv) a 


in which Q is the charge of the drop. •. a 

Also in the sedimentation potential of mercury drops falling in water, the easy now 
of the liquid mercury gives rise to complications that have been investigated by 
Frumkin • and his school. 


b. 5. Oils and gases 

Oil and paraffin also generally show a ^-potential in which the oil is negative. 
The influence of electrolytes is very much the same as for all other materials. As to the 
structure and the origin of these double layers, cf. however Chapter IV, § 7, p. 166 where 
the double layer at the interface of two liquids and at the interface liquid-air has been 
treated. 

Even a completely inert and unsolid material as air may show electrokinetic pheno- 


‘ c/. G. Quincke, Pogg. Ann. Physik., 107 (1859) I; 110 (1860) 38; H. R. Kruyt and J. Oosterman , 
Kolloid Beihefte, 48 (1938) 377. 

* ). H. De Boer and E. J. W. Verwey, Pec. irau. chtm., 55 (1936) 675. 

® H. R. Kruyt and G. S. De Kadt, Kollotdchem. Beihefte, 32 (1931) 249. 

* N. Bach and N. Balaschowa, Acta Phy$icochim. U.R.S.S. 3 (1935) 79; Nature, 137 (1936) 617. 
‘A. Frumkin,/. Colloid Sci.. 1 (1946) 227; I. A. Bacotskaya,/. Phys. Chem. U.S.S.R., 23 

(1949) 1231; C/iem./16siracls, 44 (1950) 1306. 

* A. Frumkin and V. Levich, /. Phy%. Chem. U.S.S.R., 21 (1947) 953; Chem. Abstracts, 42 
(1948) 3244; A. Frumkin and I. A. Bacotskayer, /. Phys. <& Colloid Chem., 52 (1948) 1. 
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mena. Air bubbles in water show electrophoresis. Hermans > was able to measure the 
electro-osmosis at an air-water interface. 

C-potemials and electrokinetic movements of proteins (and other hydrophilic 

WTT Vv VT ” colloids ie.g., soaps) are treated extensively in Vol. II, chapters 

V 11 ^ and XIV- 


§ 10. TECHNICAL APPLICATIONS 
OF ELECTROKINETIC PHENOMENA 

Quincke was probably the first to think of technical applications of electrokinetics, 

when he proposed to use the phenomena of streaming potentials as a source of electric 
energy 

Although this proposal has never been put into practice electro-osmosis and electro¬ 
phoresis have technical applications today. 

Several patents of Graf Schwerin » exist on the removal of water from porous 
substances by electro-osmosis. The wet mass is placed between the electrodes, and the 
water is driven to one of the electrodes (mostly the cathode) where it drips off. 

Electrophoresis has been used to apply a thin layer of small particles to a conduc¬ 
ting carrier. If the particles are negatively charged, the conducting carrier is made the 
anode and the particles are deposited on it as a very compact and regular layer whose 
thickness can be easily regulated (it is proportional to the number of coulombs passed). 

This electrodeposition may be carried out in organic media (ethanol, acetone, etc.), 
the advantage being absence of gassing at the electrodes even at relatively high cur¬ 
rents and a low conductance of the liquid *. 

The particles may have colloidal dimensions *, but even if they are larger (up to 
10 or 20 |.i) the process works quite satisfactory*. 

For more detailed theoretical considerations on electrophoretic deposition see 

The main fields of application of this "electrodeposition” are the preparation of 
insulated heater coils and of activated cathodes (a metal covered with a thin layer of 
oxides of the alkaline earths) for radio tubes and the preparation of rubber objects from 
latex. In the last-named case a metal form is used as an anode in a latex to which filling 
substances and vulcanizers have been added in finely divided form. In the deposit the 
different components are intimately mixed to a degree scarcely possible by mechanical 
methodcs. After vulcanizing, the quality of rubber objects prepared in this way is very 
good ". 


* J. J. Hermans, i?«c. trav. chim., 60 (1941) 747. 

^ G. Quincke, Pogg. Ann. P/iysik, 107 (1859) 1; 113 (1861) 513. 

“ D.R.P. nrs. 124509, 124510, 128085, 131932, 150069, 179086. 

* J. H. De Boer, H. C. Hamaker and E. J. W. Verwey, Pec. trav. chim., 58 (1939) 662. 

^ E. Patai and Z. Tomaschek, Kolloid-Z., 74 (1936) 253; 75 (1936) 80. 

'* E. J. W. Verwey and H. C. Hamaker, Trans. Faraday Soc., 36 (1940) 180; H. C. Hamaker, 
ibidem, pg. 279. 

' E. J. W. Verwey and J. Th. G. Overbeek, Theory of the stability of lyophobic colloids, Amsterdam 
1948, p. 178; C. G. A. Hill, P. E. Lovering, and A. L. G. Rees, Tram. Faraday Soc., 43 (1947) 407. 

* S. E. ScHEPPARD and L. W. Ebehlin, Ind. Eng. Chem., 17 (1925) 711; P. Klein and A. Seegvari, 
IDrit. Pat., 245 177, 246 532, 253 069. 
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§ 11. ABNORMAL OSMOSIS 

A phenomenon that without a doubt is connected with electro-osmosis is the 
abnormal osmosis, known already to Graham, but especially investigated by Loeb *. 
When two solutions of different concentrations are separated by a semi-permeable 
membrane, the normal osmotic movement is a transport of the solvent from the more 
dilute to the more concentrated phase. In many cases however, if the membrane is not 
rigorously impermeable to the solute a transport of liquid in the opposite direction is 
observed. 

This transport may be explained as an electro-osmotic flow of the liquid through 
the pores of the membrane under the influence of the potential difference (diffusion 
potential) between the two liquid phases. That this explanation hits the nail on the head 
was demonstrated by Loeb, who showed, that, for a given membrane, the influence of 
electrolytes on abnormal osmosis and on electro-osmosis was similar if not identical. 


§ 12. ON SURFACE CONDUCTANCE 

In the preceding sections surface conductance has been repeatedly mentioned, but 
so far no detailed conception of this phenomenon has been found necessary. For all the 
applications it was sufficient to know the value of the extra conductivity along the inter¬ 
face but the mechanism of surface conductance was of no importance. In this section 
surface conductance will be examined for its own sake. 

Experimental values of the surface conductivity have been mainly determined for 
the interface glass-solution of electrolyte in water. Unfortunately the results of different 
authors differ greatly from each other, partly as a consequence of the differences in the 
composition of the glass and the treatment before the measurements but probably also 
through inadequate experiments. In Table 3 values found by various authors are collec¬ 
ted whereas Table 4 gives the values of the surface conductivity for a concentration of 
5 • 10“* N KCl, KNOj or HCl. It is seen that there exist differences of a factor 100 
between the different authors. 

It is interesting now to compare the values of Tables 3 and 4 with the predictions 
of theory on the surface conductivity. Two different contributions to surface conduc¬ 
tance have to be expected. 

Firstly the double layer contains more ions than the bulk of the liquid. These 
excess ions cause one part of the surface conductivity by their motion in the electric 
field. Moreover the electro-osmotic movement, being fundamentally a displacement 
of the free charge of the double layer is another cause of surface conductance. This 
electro-osmotic contribution can only be observed in a d.c. field. If a.c. of sufficiently 
high frequence is used for measuring surface conductance, the electro-osmosis does not 
develop and only the first contribution will be found. 

Roughly speaking it can be expected, that the first part of the surface conductivity 
is proportional to the mobility of the ions (explaining the large surface conductivity 
for HCl and HNO 3 ), and the second part to the charge of the double layer. 


‘ J. Loeb./. Gen. 1 (1919)717; 2(1920) 173,255,387, 563, 577, 659, 673. c/. also F. A. H. 

Sc^REINEMAKERS, Proc. Acod. Sct. Amsterdam, 27 and follow, vols.; /. Cen. Physiol., 11 (1928) 701; 
12 (1929) 555. 
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TABLE 3 

Values of the surface conductivity as found by various authors 


Author 

Sort of glass 

Electrolyte 

Normality 

Surface conducti¬ 
vity in 10 -® Q-* 

McBain, 

Pyrex 

KCl 

0.001 

43 

Peaker 

(polished) 


0.01 

93 

and King * 



0.1 

30—130? 

McBain 

Pyrex 

KCl 

O.vOl 

100 

AND 



0.01 

608 

Foster * 



O.I 

2640 

Urban, 

Pyrex 

i KCl 

0.0005 

4.3 

Feldman, 

( 

0.001 

8.2 

White ® 



0.01 

35 

Fricke 

Pyrex 

KCl 

10 -* 

0.4 

and 


10-9 

0.6 

Curtis * 



8-10-9 

1.8 

Rutgers, 

jena 16 in 

KCl 

0 

3 

Moorkens, 


10-9 

6 

Verlende ^ 



10-* 

21 




2 - 10 -* 

41 




sio-* 

95 



HCl 

10-9 

5 




10-9 

47 




210 -* 

92 

WlJGA ® 

Pyrex 

KNO3 

0 

0.7 



10 -= 

1 




10 -* 

4 




210 -* 

5 



HNOj 

10-9 

3 


j 


10 -* 

20 


1 


210-9 

31 


1 

1 

10-9 

88 

Rutgers and 

Jena 16*** ! 

KCl 1 

0 

0.6 

De Smet ■ 

1 

1 

10-9 

0.6 


J 

1 

1 

10 -* 

0.6 


‘ J. W. McBain, C. R. Peaker, A. M. King, /. Am. Chem. Soc., 51 (1929) 3294; cf. also J. W. 
Me. Bain and C. R. Peaker,/. Phys. Chem., 34 (1930)1033. 

2 T. W. McBain and J. F. Foster,/. Phys. Chem., 39 (1935) 331. 

5 F. Urban, S. Feldman, andH. L White,/. Phys. Chem., 39 (1935) 605; H. L. White,B. Mona- 
CHAN, and Fa Urban,/. Phys, Chem., 40 (1936) 207. 

^ H. Fpicke, and H, J. Curtis,/. Phys. Chem., 40 (1936) 715. , 

* A. J. Futoers, Ed. Veplende, and Ma. Moorkins, Proc. Acad. Set. Amsterdam, 41 
A. J. Rutgers, Trans. Faraday Soc., 36 (1940) 69. 

® P. W. O. WifCA, Thesis, Utrecht 1946. 

■ A. J. Rutgers and M. De Smet, Trans. Faraday Soc., 43 (1947) 102. 
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TABLE 4 


Surface conductivity of glass in contact with solutions of 0.0005 N in I0-» fl 



McBain 

1 

White 

Fricke 

Rutgers 

(1938) 

Rutgers 
( 1947) ‘ j 

WlJCA 

1 

KCl 

95 * 

2.2—4.3 

1 

95 

1 

1 

1 

8 

00 




225 

(extrapol.) 


50 


This theory of surface conductivity has been worked out by several authors “ 
leading for univalent ions to the expression 

electro electro 

osmosis osmosis 

e C 

tRT^ , , 2kT ,wT I 


Xsurf 


'•=y 


RT 


2TrF» 


ionic 

mobility 


lomc 

mobility ^ 3 ^) 


To this value (36) Urban, White and Stassner added a contribution by 

the mobility of the ions of the Stern layer, where normal mobility and \"* 
bution to electro-osmosis of the Stern ions is supposed Alt oug i i^P m 
docs not a priori sound very probable, it cannot be denied that us resu s arc 
in accord with the experiments of White and collaborators. However, this 
docs not prove very much in view of the wide divergencies shown m ^ T^hlV 4 

Theoretical values of the surface conductance to be compared with those of Table 

arc given in Table 5. 

TABLE 5 


calculated surface conductance for solutions of 5 • 10 *N 


^ is supposed to be 120 mV, 



adsorption potential of Stepn ions 

70 mV, 


total potential of the double layer 180 mV. 


Gouy layer alone 


Gouy + Stern 

surf. cond. KCl (sss KNOj) 

1 

1 

• 

4 

o 

1 

HCl («te HNOJ 

5 • 10- ’ 

^ 18 • 10-'" 


‘ Recently Rutgers by a new and efficient technique could confirm and 

the surface conductivity which are found to be only slightly dependent upon 

municaiion). The same order of magnitude has been repotieJ ^ 

HERO, Koiloid. Zhur., U (1949) 163-171. cited from Chem. cevro 7 da,„ 

• J. J. Bikerman. Kolhid-Z.. 72 (1935) 100; F. Urban, H. L. White, and E. A. Stassner, y. Phys. 

Chtm.. 39 (1935) 311. 
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If the theoretical values of Table 5 are compared with the experimental values of 

Table 4 it is striking that most authors find values much higher than the theoretical 
ones K 

It appears as if an extra adsorption or at least an extra conductance exists, which 
IS completely independent of the electrokinetic phenomena. One might think here of 
conductance through the swollen surface layer of the glass, although it is by no means 
clear how a quantitative explanation can be based upon this supposition. 

It seems very important to gather more material on surface conductance preferably 
also on better defined surfaces than glass. In the field of surface conductance the dis¬ 
advantages of glass seem to be more important than the advantages whereas for electro- 
kinetic measurements the reverse was the case (c/. page 226). 


§ 13. ELECTRICAL CONDUCTIVITY OF COLLOIDAL SOLUTIONS 

Although electrical conductance and dielectric constants of colloids do not strictly 
belong to the electrokinetic phenomena they are so closely connected with them, espe¬ 
cially with the electrophoresis, that it seems unavoidable to discuss them here. 

The electrical conductance of a colloidal solution can be considered to be built up 
from contributions of the colloidal particles and the ions present in the solution. In a 
more schematic way the conductivity can be split up into a contribution of the sol parti¬ 
cles and their counter ions (micellar conductivity) and a contribution of the rest of the 
liquid (intermicellar conductivity). This second method is mostly used in the practice 
of conductance measurements of colloids, but it should be realised that it is less exact 
than the first one. In the first place it is rather arbitrary to denote a certain part of the 
positive ions (the particles are supposed to be negatively charged) as counter ions and 
the rest of them as belonging to the intermicellar liquid. Moreover it neglects all interac¬ 
tion between the sol particles and the intermicellar ions, which is often not allowed. 

Although it may be that the interpretation of conductivities of colloids cannot always 
be as precise as we should wish, in principle we know exactly how the interpretation 
should be given. In conductivity we see reflected the number, specific charge and mobi¬ 
lity of the colloidal particles and the ions constituting the sol. Moreover we find in it 
the influence of the interaction of these components by electrophoretic and by time-of- 
relaxation effects. In some cases effects of association or dissociation may play a role too. 

So it is not to be wondered at, that there are many applications of the conductivity 
of colloids, the number of which is certainly open to expansion. Several of these appli¬ 
cations have contributed to our knowledge of the structure of the double layer. 

To begin with an estimate will be made of the contribution to the conductivity of 
sol particles under very simplified conditions. We assume a concentration of 1% by 
volume of sol particles with a diameter (2a) of lOOA and a C-potential of 100 mV in an 
electrolyte solution in which x = 10®. 

The charge of each particle may be put equal to 

Q = aeC(l + X a) 


‘ See the remark on p. 237, that the latest results of Rutgers also point to a low experimental value 
of the surface conductance. 
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The electrophoretic velocity neglecting the timc-of-relaxation effect is 

.; Q 


V = 


6 7zr, 6 n r,a (1 -r X-o) 
The number of particles per cm® is 


N = 


0.01 
— - a 


and their contribution to the specific conductance 

0.01 .ct: 0.01 c* C® (1 -f xa) 

.Icon =NQv= ac?(l+xa)— = 


After the introduction of practical units the specific conductivity expressed in 
o cm IS 

A coll 4T0-® 0 cm-‘ 


As the conductivity of a solution of an electrolyte with x — 10® is of the order of 
10 * cmthe contribution of the colloidal particles should be easily measurable. 

Nevertheless the case mentioned above is a 


rather favourable one (small particles, high 
concentration), so it may be understood that 
there have frequently been discussions about the 



Fig. 25. Conduettvity titration of a comple¬ 
tely dialysed Agl sol (H as counter ions) 
wuh NaOH. Doited curve: titration of HI 
of the same equivalent concentration .'s the 
Agl sol with NaOH. 


reality of the conductivity of colloidal particles. 
See for instance a discussion between Pauli ‘ 
and WiNTCEN ® on the conductivity of gold sol 
where Wintgen proved that the conductivity 
was less than 10”’ Q cm and Pauli, who 
found a much largervalue, was probably misled 
by the ionic contribution to the conductivity. 
(Sec also Ch. IV, §8b, p. 172). 

One of the most useful applications of the 
conductivity of colloids is found in the conduc¬ 
tivity titration of ionic constituents of the sol. 
The method was introduced and fruitfully ap¬ 
plied by Pauli®, but has later on been used by 
many others. An example which is especially 
illuminating in this respect is the conductivity 
titration of the H - ions forming the counter 
ions of a negatively ch.irged Agl-sol. 


A titration curve • is represented in Fig. 25. 
The titration curve lias the same character 
as that of a completely dissociated acid (dotted curve), with one exception: the 
slope of the neutraliaing branch is much smaller than that of the hyJroiodic aeul. 


' W. Pauli and L. Fuchs, KoUmdehem. Beihe/ie, 21 (1925) 195, 412. 

® R. Wintgen and W. Hacker. Ko//oit/-Z., 61 (1932) 335. 

® W. Pauli and E. Valko, Elecirochemie der KoUoide, Vieim.i 1929, p. 289. 
* H. De Bruyn and J. Th. G. Overbeek, Kolloid-Z., 84 (1938) 186. 
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It is as if the whole neutralizing branch has been depressed by a factor 4 or 5 This 
cannot be explained by a partial dissociation of the counter ions. In that case the neutra- 
lizmg branch would be curved. So the small slope must be due to a strong hindrance 
of the counter ions by electrophoretic and by time-of-relaxation effects. In this way the 
titration of counter ions not only offers a quantitative determination of their number and 
therewith of the charge of the colloid particles, but gives also indications about their 
localization and fixation in the double layer. 

Van Os > used the difference in mobility between the ions in the double layer and 
the ions in the intermicellar liquid” to measure the exchange of ions by conducto¬ 
metry. He "titrated” an (Agl) FH +-sol with barium nitrate. The H +-ions were exchan¬ 
ged against the added barium ions. This caused an increase of the mobility of H+-ions 
and a decrease for the Ba + +-ions. Because of the much larger mobility of the H+-ions 
the total effect of exchange is an increase in conductivity which could be measured, and 
which served as a means of evaluating the exchange quantitatively. 

Incidentally the results of these experiments could be completely described by the 
theory of the diffuse double layer. C/. Chapter IV, § 9a, p. 177. 

The specific conductivity and the transport number as a function of the concen¬ 
tration have been especially useful for the elucidation of the structure of association 
colloids such as soaps. For details the reader is refcred to Chapter XIV of volume II. 
where these matters are treated in more detail 

The influence of high-frequency and high tensions on the conductivity for colloids 
is just the same as for normal electrolytes. Only some of the effects of high frequency 
or high tensions are more pronounced with colloids, because they arc connected with 
the electrophoretic and the time-of-relaxation effects, which both are very pronounced 
with particles of colloidal dimensions. 

If the conductivity is measured in a field of high frequency the oscillating move¬ 
ment of the particles may become so rapid that the asymmetry of the double layer has 
not enough time to develop to its full extent. As a consequence the time-of-relaxation 
effect loses part of its efficacy and a rise of conductance results. 

So Schmidt and Erkkila ® experimenting on congo-sols and casein-sols found a 
rise in conductance of 6-30% for a frequency of about 10‘®. In fields of very high 
tensions (100,000 V/cm) the velocity of the particles may be so large, that the particle 
is drawn out of its ionic atmosphere, so that both the time-of-relaxation effect and the 
electrophoretic retardation disappear. An example of this effect is found in Hartley’s * 
work on paraffin-chain salts. 

§ 14. THE DIELECTRIC CONSTANT OF COLLOIDS 

a. Theoretical considerations 

The dielectric constant of colloidal solutions is different from that of the pure 
dispersion medium. This difference can be ascribed to four different effects. 

The first effect is a simple volume effect. Part of the dispersion medium is replaced 

• G. A. J. Van Os, Thesis, Utrecht 1943. 

- cf. also G. S. Hartley, Aqueous solutions of paraffin-chain salts, Coll. Hermann, Paris 1936. 

^ G. Schmidt and A. V. Erkkila, Z. Eleclrochem., 42 (1936) 737, 781; c/. also H. J, Curtis and 
H. Fricke, Phys. Rev., (2) 48 (1931) 775. 

* J. Malsch and G. S. Hartley, Z- physik. Chem., A 170 (1934) 321. 
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by the sol particles which as a rule have a much lower dielectric constant than the 
medium, so that the total dielectric constant (D.C.) is lowered by this 

Secondly the sol particles may possess a permanent dipole moment. This dipole 
moment is oriented by the electric field thereby enhancing the polarization and the D.C. 
For hydrophobic colloids this effect is mostly of small importance as these particles do 
not contain a permanent dipole moment. But for some hydrophilic colloids especially 
for proteins the existence of a permanent moment is probable. In these cases a con¬ 
siderable increase of the D. C. may be found. a i. u 

Thirdly the electric double layer exerts an influence on the D.C.. As has been 
explained in the sections on electrophoresis and conductivity the electrical double layer 
IS distorted by the electric field. The centres of gravity of the positive and negative 
charges no longer coincide. The particle acquires a dipole moment directed oppositely 
to the field and enhancing the dielectric constant. This effect is of importance with all 
colloids (whether hydrophobic or hydrophilic) provided with a double layer. 

Finally the hydration or solvation may have an influence on the dielectric constant. 
The water of hydration is under the influence of strong adsorption forces and one may 
expect that its polarizability may be increased or decreased; although a decrease, owing 
to the fixation of the molecules, seems more probable resulting in adecrease ofthe D.C.. 

It should be kept in mind, that generally the D.C. is a function of the frequency 
of the alternating field with which it is measured. Measuring with a really static field 
is always excluded by the conductivity of the sols. The frequency of the field must be 
chosen at least so high that the displacement current, related to the D.C. which is pro¬ 
portional to the frequency, is not small compared with the conduction current, which 
itself is practically independent of the frequency. In favourable cases this frequency 
is still so low that the value of the D.C. is not different from the value that would be 
found in a static field. In other words the polarization of the colloid can develop to its 
full extent in a time which is small compared with the duration of one pulsation of the 
alternating field. 

If the frequency is increased, however, this last condition may no longer be fulfilled; 
the polarization is less than it would be in a static field of the same strength. The solu¬ 
tion shows dispersion. This dispersion has a different character for the four factors 
influencing the D.C.. 

The first effect shows no dispersion. The dispersion of the second effect is situated 
at such a frequency that the dipoles can no longer follow the alternations of the field. 
In the case of proteins this dispersion frequency is found at about 10*^ cycles sec in 
accord with what can be expected theoretically ^ if the protein particles are spheres and 
the dispersion is due to the frictional resistance of the sphere in the viscous medium. 

The third effect will show dispersion at a frequency where the asymmetry of the 
double layer is no longer developed. This means the frequency at which the conducti¬ 
vity shows an increase. Simultaneous measurements of the two effects are, alas, lacking 
although the dispersion of the D.C. as well as that of the conductivity has been demon¬ 
strated. 

Whether the influence of the hydration on the D.C. is subject to dispersion is 
questionable. Moreover as will be shown in the following it is not sure that the effect 
itself has yet been measured. 

' j. Ephf:ha,/. ihim. phys., 29 (1932) 577. 

* J. Tn. G. OvEPBEEK, Naluurw. TtjJschr., 18 (1936) 55. 
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The quantitative side of the theory of the D.C. of colloids has not been developed 
to any great extent. The situation is the most favourable for the simple mixing effect. 
As we are concerned with heterogeneous systems, we may apply the theory of Wiener *, 
who proposed a very general method for calculating the D.C. of heterogeneous mbctu- 
res. For a small concentration (S by volume) of spherical paricles having a D.C. c„ 
embedded in a liquid of D.C. Co, the D.C. e is given by 


e = (1-3 




S) 


2 e,, + ei 

It is seen that the relative change of the D.C. falls between 

for e, So 

U U 

and 


e dS 


1de ^ ^ ^ 



For elongated particles the effect may be larger. 

The influence of dipoles on the D.C. is probably described most satisfactorily 
by the theory of Onsacer according to which the D.C. of a mixture as treated above, 
having moreover a permanent dipole moment -i in each spherical particle, is given by 

(•1 So) 



(st -f 

4kTa^ 



The relaxation time (reciprocal of the dispersion frequency) is given by 

8 n* r, a® 


T 


kT 


where a is the radius of the particles. 



A quantitative relation between the D.C. and the double layer (third effect) is very 
difficult to give because the increase of the D.C. rests completely upon the time-of- 
relaxation effect, and we know already from the electrophoresis how difficult calcula¬ 
tions of this effect are. 

More or less elaborate theories have been given by Bikerman ®, Hermans * and 
OvERBEEK Probably the best way to get a quick estimation of the magnitude of this 
effect is to start from the notion of surface conductance. A particle, surrounded by a 
layer conducting much better than the dispersion medium, behaves as if it were a con¬ 
ducting particle. 

According to Wiener’s theory, the D.C. of a suspension of conducting particles 
can be easily calculated, as conducting particles may be symbolized by particles with 

' O. Wiener, Abhandl. math. phys. Klasse sdchs Akad. Wiss. Leipzig, 32 (1912) 507; cf. 
D. A. G. Bpuggeman, Ann. Phytik, (5) 24 (1935) 636. 

* L. ONSAGEB,y. Am. Chem. Soc., 58 (1936) 1486. 

® J. J. Bikerman,/. chim. phys., 32 (1935) 285. 

* J. J. Hermans, Phil. Mag., (7) 26 (1938) 650. 

' J. Th. G. Overbeek, Kolloid Beihefte, 54 (1943) 287. 
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an infinitely large D.C. (st = co). As radius of the conducting particles we chose the 
radius of the particles proper increased with the thickness of the double layer (l/x.). So a 
relative increase of the D.C. may be expected which is of the order of 

1 V (40) 




The dispersion frequency of this effect may be expected to be the same as that of the 
electrolyte solution in which the particle is embedded. This dispersion frequency is 
given by the theory of strong electrolytes as * 

— (41) 


P is the average friction constant of the ions in the double layer. 


b. Experimental evidence 

Perhaps the most simple example has been measured by Piekara -. He investigated 
the D.C. of emulsions of paraffin in water, by which eq. (37) was rather well confirmed. 
Small but systematic deviations from (37) suggested a small influence of the double 
layer. 

Somewhat more complicated were the experiments by Kruyt and Kunst ^ on 
various hydrophobic sols (silver halides, arsenic sulphide). They found an increase of 
the D.C. of the order expected from cq. (40) with x a ~ 0.5 or 1.0. The dispersion 
frequency was also in accord with eq. (41). So in these experiments the double layer 
probably played the most important role. Nevertheless the influence of added electro¬ 
lytes was not clear in all respects. More experiments and a more refined theory are 
desired here. 

Analogous effects were found by Fricke * on the D.C. of suspensions of different 
oxides and hydroxides. 

Very interesting results were obtained by Errera ‘ for the D.C. of sols of vanadium 
pentoxide. Aged sols containing very long particles showed anexcessively high D.C., 
for instance a sol containing 1",, V..Os had a D.C. of over 400! An investigation * of the 
double refraction in alternating fields of these sols made it probable that the effect is 
due to polarization of the double layer, the D.C. rising to such exceptionally high values 
because the particles of V..Oj are oriented with their long axis in the direction of the 
field, thereby greatly facilitating the polarization. 

The influence of permanent dipoles has been supposed to be present in Errera’s • 
experiments on proteins. 

By application of eq. (38) the dipole moments of a molecule of protein was found 


‘ J. Th. G. Overbeek, /.c. 

•A. Piekara, /fo/W-Z., 58 (1932) 283 and 59 (1932) 12. 

=• H. R. Kruyt and H. Kunst. KolloiJ-Z., 91 (1940) 1. 

• H. Fricke and L. Havestadt, Z- anorg. Chem., 188 (1930) 357; 196 (1931) 120. 

H. Fricke, Ko//on/-Z., 56 (1931) 166. 

• I. Errera, J. phys. radium. (6) 3 (1922) 401; 4 (1923) 225; 9 (1928) 307; Kolloid-Z., 31 (1922) 
59; 32 (1923) 157, 373. 

• J. Errera, J. Th. G. Ovepbeek, and H. Sack, /. chim. phys., 32 (1935) 681. 

' J. Errera,/. chim. phys., 29 (1932) 577. 
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to be of the order of 500 D, a value in itself not improbable. But it seems very difficult 
to separate experimentally the influence of permanent dipoles from that of the double 
layer also known to exist. 

Finally we shall devote a few lines to the effect of hydration. Denekamp and Kruyt * 
found an increase of the D.C. of gelatin and agar-agar at a frequency of 10* sec~^ 

They explained this increase by the hydration of these substances. But as the 
criteria of hydration are open to much doubt, and other influences (double-layer, per¬ 
manent dipole) also give rise to an increase of the D.C., the interpretation of Kruyt 
and Denekamp seems debatable. 

At very high frequencies both the double layer and the permanent dipoles should 
lose their influence on the D.C., the only remaining effects being the mixing effect and 
the influence of hydration. Experiments by Kruyt and Overbeek * showed that for high 
frequencies (3.5 • 10") the D.C. of gelatin, albumin, and other hydrophilic colloids 
could be completely explained by the mixing effect (eq. 37), no influence of the hydra¬ 
tion being detectable. 


‘ P. J. Denekamp and H. R. Kruyt, KoUoid-Z., 81 (1937) 62. 

=> H. R. Kruyt and J. Th. G. Overbeek, KoUoid-Z.. 81 (1937) 257. 



VI. THE INTERACTION BETWEEN COLLOIDAL PARTICLES ' 

J. Th. G. Ovebbeek 

Van 't Hoff Laboratory, University of Utrecht 


§ 1. INTRODUCTION 

I, has already been shown in chapter II that the stab.Uty of hydrophobic collo.ds 
is largely governed by the interaction of their particles. If a repulsion of suffic'ent 
s'rengA exfsts between the particles, a sol is stable; if this repulsion is absent or even 
reverted into an attraction, the stabiUty is lost and the system coagulates^ 

The interaction of colloidal parttcles is supposed to contain two components OrK. 
the repulsive factor finds its origin in the electrochemical double layer. The other com- 
ponent is the general London-Van Deb Waals attraction. Uv 

The stability of colloids is not a question of quality to be answered ^ 

or ”no”, but a question of quantity. A measure of the stability is found in the velocity 
of coagulation, which may vary from very quick (flocculation within a few to 

immeasurably slow. Consequently for a complete discussion of the stability the kinetics 

of coaculation have to be taken into account. .1 

In this chapter VI the interaction between colloidal particles will be treated mainly 

from a theoretical point of view. 

The kinetics of flocculation are discussed in chapter VII. Chapter VUI gives the 
synthesis of these two fields resulting in a theory of the stability of colloids-. This 
theory is compared with experiments. Moreover, as far as experimental data on s^bility 
exist which are not yet related to the theory, they will also be treated in chapter VIII. 


$ 2. FREE ENERGY OF A SYSTEM OF ELECTROCHEMICAL 

DOUBLE LAYERS 

A problem of interaction can be treated by considering either the energy of 
interaction or the force derived from this energy. In our case the treatment of the 
energy is to be preferred, among other things, because the interaction has to be 
compared to the energy of the BfiOWNian motion. The force of interaction can always 
be found easily by differentiation of the energy with respect to the distance. Because the 
double layer is a system in thermal equilibrium we are mainly concerned with its free 
energy {or free enthalpy, which is practically the same in condensed systems), not with 
its total energy, as the free energy gives a measure of the work that can be performed. 

’ The coiiienis of this th-ipter been exiensively discussed between the.uiihor.ind G-H. Jonkkp. 
S. A. Tpoelstra, and E. J. W. Vebwev of ihe Philips' Research Laboratories, Eindhoven. 

• For a more detailed discussion of this theory, especially for the subjects of chapters VI and VIII 
cl E. J. W. Verwey and J. Th. G. Overbeek, Theory oj the itobi/Uy oj lyophohic catlouh. 
Amsterdam 1948. 
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In chapter IV the free energy of the double layer has been treated extensively. Two 
extreme cases have been considered there, one, the electrocapillary case (chapter IV, 
§ 3a, p. 119) where the double layer was formed by an external current and the other 
(chapter IV, § 3b, p. 122), the reversible one, in which the double layer was formed by 
adsorption of ions (or electrons in the case of redox-equilibria) from the solution. 

Evidently m colloidal systems the possibility of charging by an external current 
IS absent * and only the second method remains. 

By straightforward thermodynamic reasoning it has been proved in chapter IV 

(eq. (29) p. 123, eq. (70, 71) p. 140) that the free energy of the double layer, or of a system 
of double layers, is equal to 


G 

double layer 

0 

where is the potential difference between the two phases, assuming arbitrarily that 
this potential difference is zero at the zero point of charge. Q is the charge of the surface. 
Vo is the double layer potential after equilibrium has been established. 

The significance of eq. (1) might seem doubtful to the reader who remembers that 
the potential difference between two phases is not accessible to experimental deter¬ 
mination. It should, however, be pointed out that changes in this potential difference 
can be determined experimentally and, given our definition of the zero point of lia, 

is in fact only a change in the potential difference between two phases. For a more 
detailed discussion of this question the reader is referred to chapter IV § 3, p. 118. 

A second formulation for the free energy of the double layer has been derived in 
chapter IV, § 4f, p. 139. This formulation is based on the imaginary charging process 
used in the Debye and Huckel theory of strong electrolytes, in which the charge of all 
the ions (and electrons) in the system is gradually increased from zero to their normal 
value. If the stage of the charging process is indicated by >.ei being the momentary 
charge of an ion with normal charge e,-, >. increases from 0 to 1. According to eq. (76) 
of chapter IV p. 142 the free energy of the double layer is then given by 

I 


/ 


Qd 


t 

V 


(U 


^double Uyer ^(®) | 

0 




the integration being carried out over the whole solution phase at constant surface 
potential In eq. (2) p' denotes the charge density, y the potential at stage X and dV 
a volume element in the solution. The potential ij;' is considered to be zero far away 
from all the interfaces. 

G(0) is zero for a flat double layer or for two parallel flat double layers, but it has 
a finite value in the case of curved surfaces. 

Although physically the two equations (1) and (2) are completely equivalent*, 
in some cases eq. (1) and in other cases eq. (2) is more suitable in mathematical respects 
and we shall always apply that equation which leads most easily to the purpose. 


' Even if an external current could be used in the preparation of the sol, the unavoidable leakage 
would cause these charges to disappear very soon after the formation. 

- H. B. G. Casimir, in E. J. W. Verwey and J. Th. G. Overbeek, Theory of the stability of hydro- 
phobic colloidst Amsterdam 1948 pp. 60, 63; S. Levine, PhiL Mag>, (7) 41 (1950) 53. 
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The equilibrium value of the surface potential is completely determined by the 
composition of the two phases. More specifically, it is linearily dependent upon the 
difference in chemical potential ui of the potential determining ions in the two phases. 
Consequently (c/. chapter IV, § 3d, p. 124, § 6, p. 159). 

Zi c d<Vo = 

A ( 4 ) 


or 


= const, -f 


Zi e 


The constant in eq. (4) which is simply related to the chemical potential at the zero 
point of charge, is not dependent upon the geometrical confipranon of the sys em 
Consequently is also independent upon configuration, and t^he interaction of double 
layers, involving changes in configuration (distance) should be studied at a constant 
value of as far as equilibrium situations are involved and provided the bulk concen¬ 
tration of the ions i does not change materially during interaction. j ^ 

It may be, however, that during a rapid interaction, like that occurring during a 

BROWNian encounter of two sol particles, thermodynamic 
tained. In that case it is impossible to deduce the free ener^ of 

tion (1) or (2). Perhaps the most obvious form of disequilibrium is a complete jack of 
exchange of ions (or electrons) between the two phases, which means that the surface 
ckane remains constant in contradistinction to the equiHbrium case, 
potential remains constant. Then the contribution to the free energy 
of ions from one phase to the other need not be considered. The important Parj of he 

free energy is then the work necessary to charge the surface ^ ^ 

from zero charge. The charge of the potential determing ions is imagined to be trans¬ 
ported gradually from the solution to the surface. After each small increase of the 
Lrface charge the charges in the solution are allowed to rearrange themselves ^ccor^ng 
to a new equilibrium. In this rearrangement in the solution no work is lost or gamed 
and the electrical part of the free energy of the double layer can be written 

= "jW dp' (5) 

0 

whereis the momentary surface potential and g' the surface charge with Q as its 

final value. - i ^i\ 

In some cases of interaction eq. (5) might be a better approximation than eq. (1) 

or (2), although we shall more often base our treatment on the equilibrium case. 

§ 3. THE INTERACTION OF TWO PARALLEL PLANE DIFFUSE 

double layers 


a. The distribution of charge and potential between two parallel flat plates 

The distribution of charge and potential m one double layer has been treated in 
chapter IV We shall now extend this treatment to the case of two parallel double layers 
which have approached each other until the diffuse parts of the two double layers 
overlap each other to a measurable extent. This is the case when the distance between 
the two surfaces is of the same order as the extension of the double layer, '/x.'. 

‘l-h7symbols used in this chapter have the same meaning as in chapter IV except when the con- 
Uary is specifically stated. 
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When two parallel surfaces, each bearing a double layer of the same sign, 
approach each other to a distance where the two diffuse double layers begin to interfere, 
neither of them can develop completely. As a consequence the potential between the 
two surfaces nowhere reaches the level it has at a large distance from the surface. This 

last-mentioned level will, as has been 
done in chapter IV, be chosen as the 
zero of potential. 

On the surfaces the potential retains 
the same value it has for a free surface 
because this potential is completely deter¬ 
mined by the thermodynamic equilib¬ 
rium as expressed by eq. (4). 

A simple consideration of the sym¬ 
metry of the case shows that the minimum 
value of the potential must be reached 
just halfway between the two surfaces. 
Fig. 1 shows schematically the course of 
this potential. 

In this and the following chapters, 
we shall often be forced to restrict our 
considerations to double layers of the Gouy-Chapman type, neglecting the Stern correc¬ 
tion ‘. Calculations on the interaction of Stern-Gouy layers are still scarce and incom¬ 
plete, and further developments in this direction will have to be awaited before they 
can succesfully be applied to the problem of the stability of hydrophobic colloids. For¬ 
tunately, many salient points can be treated from the point of view of simple diffuse 
double layers and in more complicated cases it is often possible to take account of the 
influence of the STERN-layer in a qualitative or semi-quantitative way. 

For double layers of the Gouy-Chapman type the course of the potential between 
the two surfaces can again be described by the combination of the Poisson and the 
Boltzmann equations (c/. chapter IV, § 4a, p. 126). The only difference from the case 
of a single double layer is found in the boundary conditions. There the boundary 
conditions were that the potential and its derivatives are all zero far away from the 
surface, and in the case of interaction we only know that halfway between the plates the 
potential has a minimum value so that its first derivative is zero. 

The equation to be solved is: 



Fig. 1. Schematic representation of the electric 
potential between two plates, in comparison with 
that for a single double layer. 




z- e V 


e 


kT 


z+ e 


V 

kT 


) 



subject to the boundary conditions 

V = '1', for X — 0 
= -ij for X — rf 

^ = 0 for x= d. 

dx 



' Cy. Chapter IV. § 4. p. 126. 
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The coordinate x is measured from one of the plates. The distance between the 
plates is equal to 2d. The other symbols have the same meaning as in chapter IV (p. 115). 
The first integration of (6) leads to * 


= _1 
dx 


SrkT 


1 


tv 


n_c 


AT 


+ n^t 


I - 

" at” 


- 


-tv^ 

'kT 




- -<Vd 
~ ~kT 


( 8 ) 


It would be possible to carry out the second integration of (8) numerically or graphi¬ 
cally, but owing to the great number of essential variables, (valency type and concen¬ 
tration of electrolytes, surface potential, distance between the plates) this would lead 
to a tremendous amount of work before any useful survey of the important cases could 
be obtained. Therefore some simplifications are introduced. 

In the first place eq. (8) can be integrated when the potential is small everywhere. 
Eq. (8) then reduces to _ 

dx 


/ 

= ~y.\ 




(9) 


where y. — | 


/4 r. e* (n... z'+ -f z_*) 


tkT 

and the integration leads to 

■y = 


cosh x (d-x) 
cosh y. d 


and -yj = -y, 


I 


cosh y.d 


(lO) 


Although these expressions are useful in certain cases, they are of little help in 
the understanding of colloid stability. 

The most outstanding feature of the stability of hydrophobic sols is the great 
influence of the valency of electrolytes, especially the counterions, as expressed by the 
rule of Schulze and Hardy (c/. chapter II, § 5 c. I, p. 81). Now in eq. (9) and (lO) the 
valency of the electrolytes is completely expressed in the quantity x and there the roles 
of the valency of positive and negative ions are perfectly symmetrical. 

Consequently, in order to get an explanation of the flocculation values of sols on the 
basis of the diffuse double layer picture, the approximation of small potentials is of 
no use. Another simplification however is allowed. For high values of 'y, the value of 
eq. (8) is almost wholly determined by the positive powers of e, whereas the negative 
powers are so small that they are practically without influence. This is in accordance 
with the fact that the flocculation value of a sol is practically independent of the valency 
of the ions bearing the same sign as the colloidal particles. Thus no essential features 
are lost in restricting the discussion to the case of symmetrical electrolytes, which gives 
a considerable mathematical simplification. Calling the valency of this electrolyte z 
and its concentration n, eq. (8) simplifies to 


d 

d X 


S r: n kT 

c 



2 € 

cosh - - 2 cosh 
kT 


z 

kT' 



Introducing now the variables 


z e V 

kT 


.Z = 


Z C V 

kT 


,U 


z e vrf 
kT 


and ' = X X. 


‘ The negative sign has to be used for positive values of v when 0 ' ' x < d. 
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we may write 




= -> 


2 coshy-2 cosh U 


( 11 ) 


This differential equation, when integrated between the values 4 = 0 and ^ = xd, 
leads to a relation between the surface potential (Z), the potential halfway between the 
plates (f/) and their distance (xd). This relation can be expressed by means of elliptical 
integrals and is 


xd 




arc sm e 


- )] 


( 12 ) 





Fig. 2. Potential ('^ d) half-way between the plates as a 
function of the plate distance (2d) for different values 
of the surface potential In the figure the values of 


C/* 


z e 'jid 
k T 


Z = 


ze 'jt 
~kT 


and y.d are given. 


where F (A:, 9 ) = 


da 


■\ 1 -A:*sin*a 


is an extensively tabulated func¬ 
tion Eq. (12) has been tabulated 
by Verwey and Overbeek *. Their 
results are represented in Table 1 
and Fig. 2. 

For the further developments 
it is useful to consider the case of 
small interaction when the two 
surfaces are still relatively far 
apart. Then the potential between 
the two surfaces can be given in a 
good approximation by a simple 

summation of two independent and 

undisturbed double layers as is 
illustrated by Fig. 3. 

In this case we may set 

U = 2Y'd 
UT Y'^ 

in which '/d - - 

z e 

ential of a single double layer at a 
distance d from the surface. Now 
according to eq. (51) of chapter IV 
this Y’d is equal to 


Y'd = 4 Y e in which y = 


e ' *-l 
e ''*+1 


and consequently for large values of xd (and any value of Z) 

U = 8 Y e “ 


(13) 


‘ cf. E. jAHKKt and F. Emde, Tables of functions, 4th ed., New York 1945, p. 52etseq. 

* E, J. W. Verwey and J. Th. G. Overbeek, Theory of the stability of lyophobic coltoia , 

Amsterdam 1948, p. 68. 
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xd AS A FUNCTION OF Z AND U ACCORDING TO EQ. (12) 
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0.5 0.8706 1.558 1 I 1.309 2.241 
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Inspecting now for a 
moment eq. (8) or eq. (11), 
one can see that the slope of 
the potential curve is the 
smaller, the larger the value 
of "i/j (or U). As the slope at 
the surface is directly 
prop>ortional to the surface 
charge, this charge dimi¬ 
nishes with increasing in¬ 
teraction and even goes to 
zero in the limiting case 
when the two surfaces come 
into contact. The same 
conclusion follows from 
the physical picture of 
the interaction of double 


Fig. 3. Electric potential function between two plates (2 = 8) for layers. As a consequence 
small interaction {y.d = 2.5). Approximately, the potential can be of the neighbourhood of 
built up additively from the electric potential functions of the two double layers each of 

single double layers separately (dotted lines). ^ 

develop to its full extent, 

which is equivalent to saying that the total charge in the double layer is less than 
without interaction. 


them separately cannot 


The mathematical expression for 
the double layer charge is quite simple. 

dx' X = 0 

I n ( kT \ _ 

I 2 cosh Z - 2 cosh U (14) 

Fig. 4 shows the dependence of the 
surface charge on the separation distance 
ofthe two surfaces for a number of values 
of the surface potential. It is seen how, 
especially for large surface potentials, the 
charge changes only appreciably when 

the distance is small compared to —. 

X 

b. The free energy of two parallel 
double layers and the repulsion 
between the surfaces bearing them 

Having now established the relations 
between charge, potential, and the di¬ 
stance between the two surfaces, it is 
possible by application of the equation 
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(1) or (2) (sec p. 246), to determine the free energy of the double layer system*. 
Calling the free energy per cm* of each of the two plates 2 G, the integration of eq. (2) 
leads to _ 

G=-^^r-^( 3 e“ -2-7 )+2l 2cc,shZ-2cosh U- 


X 


-4e 2 i E U , 2 -) - E \e , 


z > u 
2 


arc sm e 


1 


(15) 


in which E {k, <?) = 


1 


1 - /t* sin*3c da 


For X d —this expression is equivalent to the one found already in chapter IV 
eq.(73)p.l41Wz. 

Gd_yco = —( 4 cosh - - - 4 ). (16) 


Now the stability of colloids is not determined by the value of the free energy itself 
but by the change in free energy when the two surfaces approach each other from an 
infinite distance of separation. 

This change of the free energy is equal to the amount of work that has to be per¬ 
formed against the forces arising from the interaction of double layers. 

Therefore we define the potential energy of repulsion (repulsive potential) Vn 
per cm* cross section of the plates 

Vn = 2(G-Goo) (17) 

As the reciprocal thickness of the double layer, x, is proportional to the valency z 
and to the square root of the concentration, \ n of the electrolyte, both eqs. (15) and 

(16) can be expressed as —- times a function of U and Z. By eq. (12) v.d is given as a 

z 

function of C/and Z, and consequently if this function is known, Vn can be calcul.tted 
as a function of x d. 

In Table 2 we give the values of f (t/, Z). this function being defined as 

f (f/,Z) ^ ~Vn (18) 

X 

whereas for convenience the corresponding values of vA have also been given. 

The function f [U, Z) is proportional to the square of the absolute temperature and to the dielec¬ 
tric constant. Table 2 gives its values for water at 25 C, vis, for f 78.55 and T 298.1. When the 
table has to be applied to another temperature T} and a dielectric constant f , the values of t {U.Z) have 
to be multiplied by Ti* , 78.55 (298.1)*. 

Fig. 5 gives a graphic survey for part of the values of Table 2, especially for the 
cases of large potentials and strong interaction. In the small table in the figure the units 
of the ordinate have been indicated for a number of relevant values of /. and the valency. 


‘ We follow here the treatment given by Vefwey and Ovefbeek, /.c. Work by A. ). Cofkill and 
L. Rosenhead, Prot. Roy. Soc. London, A 172 (1939) 410 and older work by S. Levine and 
G. P. Dube, Trans. Faraday Soc., 36 (1940) 2!5, on the same subject arc believed to be incorrect 
because the influence of entropy and of the chemical energy involved in the passing of ions from one 
phase to the other is not suflficiently taken into account. 
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Before continuing the develop- 
ment of the theory the reader's at¬ 
tention is drawn to the absolute 
magnitude of this repulsive potential. 

For an electrolyte concentration of 
1 /lOOO normal, that is for x. = 10* the 
repulsive potential for intermediate 
values of X d is of the order of 1 erg/ 
cm* which means that an interaction 
energy larger than kT (= 4 • 10~’* 
ergs) is reached for a cross section 
larger than (20 A)*, proving that the 
energies corcerned may be expected 
to be significant for colloid stability. 

c. The force between two flat 
double layersand an approximate 
expression for the repulsive 
potential 

Langmuir *, Derjaguin ^ and 
Bercmann, Low-Beer, and Zocher * 
have also considered the repulsive 
force between two double layers. 

Although these considerations add 
nothing essential to the developments 
of the preceding sub-paragraph, we 
reproduce here a simple derivation of 

the force between the plates because it leads to an unexpectedly simple equation which 
can form the basis for a useful approximate expression for the repulsive potential. 

Consider again two infinitely large flat plates with liquid between them, which 
liquid is in free contact with a reservoir containing an infinitely large amount of liquid 
at a pressure p and a concentration of n molecules of electrolyte per cm^. The electric 
potential of the reservoir is supposed to be zero. The plates are kept at a certain distance 
d from each other by the exertion of a pressure P per cm^ 

As the whole system is considered to be in equilibrium the gradient of the hydro¬ 
static pressure and the force on the space charge balance each other at any point of the 
liquid phase. 

dp — ? d v = 0 (19) 

By introducing Poisson’s equation and specializing to the space between the two 
parallel plates (19) may be transformed into 




02 




Fig. 5. Repulsive potential as a function of y.d, 
for strong interaction (small xd) 


dp s d' v dy 
dx 4 ?T dx- dx 


^ 0 


(20) 


* I. Langmuir,/. Chtm. Phys., 6 (1938) 893. 

•• B. Derjaguin, Trans. Faraday Soc., 36(1940) 203. 

^ P. Bergmann, P. Low-Beer, and H. Zocher, Z. physik. Chem,, A 181 (1938) 301. 
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which after integration results in 


£ id^Y 
SttI dxl 


= constant 



or, in words: the difference between the hydrostatic pressure and Maxwell's stresses 
IS a constant. This constant is equal top^, the hydrostatic pressure midway between 
the plates, as there the potential gradient is zero. The difference between this pressure 
pj and IS the force driving the two plates apart as a consequence of the double layer 
interaction, and can be evaluated by an integration of eq. (19) between the pressures 
Pd and Po or between ^d and '^5. = 0. 

'J' = 'r'rf <'d 

■P = Pd —Po = Jdp=—(22) 

= 0 0 


With (c/. eq. (6)) 

p = — 2 e nz sinh ze^tjkT, 
eq. (22) can be easily integrated leading to the result 

P = 2nkT (cosh jkT — 1) (23) 

This equation, although it looks very simple, cannot be easily used to construct 
the curves of the repulsive potential because the relation between and d is far from 
simple (eq. (12)). Only in the approximation of weak interaction can eq. (23) be easily 
integrated by the application of eq. (13) 


ze 'ifd 

kT 



and the first approximation of eq. (23) 

P = nkT {ze </d jkTY 
d d 



Pdd 


J 


64 n kT Y* 


^ -2yA 
e 


d (2d) = 


6AnkT 

y. 




-2 yd 
e 



CS3 (N3 

a relation ’ to which we shall return in the explanation of the rule of Schulze and 
Hardy (see chapter VIII). 


§ 4. THE INTERACTION OF TWO SPHERICAL DOUBLE LAYERS 

a. General considerations 

Although many characteristic features of the interaction of double layers, including 
a genera) survey of the conditions of the stability of hydrophobic colloids may be derived 
from our knowledge of the interaction of two infinitely large flat surfaces, in practical 


' A still somewhat more exact approxim-ation is given by Verwey and Ovehbeek, Theory of the 
stability of lyophobic colloids, p. 97 and is 

.. ‘i2nkT 2/, u A\ 


(25) 
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cases one always has to do with particles with limited dimensions and therefore the 
need is felt for a model which essentially includes the finite dimensions of the particles. 
The most simple model, is then given by the interaction of two spherical particles. 

A first, though rather crude, approach has been made by Hamaker *. A better 
approximation has been given by Derjaguin *, and extensive calculations have been 
published by Levine and Dube *. For a criticism of the physical basis of the work of 
Levine and Dube, however, see Verwey and Overbeek *, who gave the most extensive 
calculations on the interactions of two spherical double layers now available. 

It is impossible to solve the problem of two spherical double layers explicitly 
because of mathematical difficulties. A purely graphical or numerical method seems 
unpromising because the number of essential parameters (surface potential, thickness 
of the double layer, radius of the particles, distance between the particles) is too large. 
By the application of diverse methods of approach, however, it is possible to cover the 
field of interest almost completely, as will be shown in the following subsections. 


b. A general method for the estimation of the interaction of spherical 
particles, when that between flat surfaces is known 

Derjaguin ‘ has indicated and applied an ingenious method, deriving the interac¬ 
tion of spherical particles from that of infinitely large flat plates of the same constitution. 


His method is applicable when the range 
radius of the particles. The surface of the 
spheres is divided into rings with their 
centers on the axis of symmetry as 
represented in Fig. 6 . 

Now the interaction of the spheres 
is built up from the interaction of these 
rings which are considered in pairs as 
rings cut out of two parallel flat plates. If 
the interaction energy of 1 cm* of two flat 
plates is denoted by H being the 

distance between the plates, the interac¬ 
tion of two rings with radius h is given by 

2 Ttft ViH) dh (26) 

By integration of this expression from h — 
is found. As the value of the integrand fo 


of this interaction is small compared to the 



Fig. 6. Illustrating the building up of the repulsion 
between two spheres out of the repulsion between 

quasi-parallel layers. 


Oto h = large, the total energy of interaction 
• large values of h is very small anyway (be- 


* H. C. Hamaker, Chem. Weekblad, 35 (1938) 47 (C/. also Hydrophobic Colloids, Amsterdam 
1938, p. 16): Rec. irav. chim., 55 (1936) 1015; 56 (1937) 3. 

* B. Derjaguin, Trans. Faraday Soc., 36 (1940) 203. 

* S. Levine, Proc. Roy. Soc. London. A 170 (1939) 145, 165; S. Levine and G. P. Dube, Compi. 
rend., 208 (1939) 1812; Trans. Faraday Soc., 35 (1939) 1125,1141; 36 (1940)215; S. Levine,/. Chem 
Phys., 7 (1939) 831; S. Levine and G. P. Dube, Phil. Mag., (7) 29 (1940) 105; /. Phys. Chem., 46 
(1942) 239. 

* E. J. W. Verwey and J. Th. G. Overbeek, Theory of the stability of lyophobic colloids. 
Amsterdam 1948, p. 188; Trans. Faraday Soc., 42 B (1946) 117. 

* B. Derjaguin, Kolloid-Z-, 69 (1934) 155; Acta Physicochim. U.R.S.S.. 10 (1939) 333; Trans 
Faraday Soc., 36 (1940) 203. 
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cause of the relatively small range of interaction), the upper limit may be chosen as eo 
which simplifies the calculation. In the same approximation a dH may be substituted 
for 2h dh which leads to the following expression for the total energy of interaction V, 

J V{H)dH (27) 

The nature of the forces between the particles is immaterial in this derivation provided 
their range is small enough. 

c. Application of Derjaguin's method to double layer interaction 

Eq. (27) may be applied to double layer interaction when the range, which is of 
the order of 1/x, is small in comparison with the radius (a) of the spheres, or when 
y.a ^1. For the repulsive function between flat plates Derjaguin himself used our 
equation (25), the best approximation for small values of the surface potential. 

The repulsive energy for two spheres is then found to be 

F";, In [ 1 4- exp (- v.HJ) j (28) 

Verwey and Overbeek ^ used the same method with the more exact expression (18) 
for the repulsion between flat plates, by means of which they derived that the repulsive 
energy Vn can be expressed as 

= -^L(2,x.H„) (29) 

The function L is tabulated in Table 3 and represented graphically in Fig. 7. 


TABLE 3 


Values of L • 10^ as a function of Z and x. L being — Vh 



2 

3 

4 

5 

6 

8 

10 

0 

7.50 

16.02 

26.5 

38.46 

51.4 

78.7 

108.1 

0.10 

6.90 

14.5 

23.3 

33.0" 

42.5 

57.3 

66.9 

0.20 1 

6.35 

13.1 

20.7" 

28.6 

35.6 

45.0 

51.1 

0.30 

5.85 

11.9 

18.61 

24.92 

30.5 

37.0 

40.9 

0.50 

4.96 

1 9.78 

14.85 

19.36 

23.0 

26.9' 

29.3 

0.70 

4.06 

7.98 

11.96 , 

15.31 

17.93 

20.7 

22.2 

1.00 

3.04 

' 5.91 j 

8.73 

11.06 

12.72 

14.5 

15.44 

1.20 

2.54 

4.86 

7.13 

8.92 

10.23 

11.5 

12.33 

1.50 

1.91* 

' 3.67 i 

5.29 

6.59 

7.56" 

8.54 

8.99 

2.00 

1.16’ 

2.37 

3.25 

4.03 

4.59 

5.17 

5.40 

2.50 ! 

0.71 

1.44 1 

2.08 

2.46 

2.94 

3.16 

3.35 

3.00 

0.43 

0.86’ 

1.25 

1.53 

1.78 

1.95 

2.05' 


* /oc. cU. p. 140. 
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Without going into details, 
which will be considered in § 10 
and in chapter VIII, we draw at¬ 
tention to the fact that the interac¬ 
tion is proportional to the radius 
of the sphere and not to its square 
as might on first sight be expected. 

d. The interaction of two 
spheres when the double layer 
thickness is large 

When the spherical particles 
are small in comparison with the 
thickness of the double layer, the 
method treated in the foregoing 
subsections breaks down comple¬ 
tely, and another approach be¬ 
comes necessary. 

For this case a method has 
been used by Verwey and Over- 
BEEK consisting in a calculation 
of the distribution of charge and 
potential around two spherical 
particles and a derivation of the 
free energy of the double layer Fig. 7. The repulsive potential between two spherical 
system by application of eq. (1). particles, when the exact expression for high potentials is 
A drawback of this method is that 

it is only accurate if the surface s — 

potential is small, but a more ^ 

general method is not yet available. 

The results are represented graphically in Fig. 8. For complete calculations and an 
extensive tabular review of the results the reader is referred to the original publication. 

Again, as in the case when y. 1 the repulsive energy is proportional to the 
radius of the particles and of course is larger, the larger the potential of the surface. 

e. Survey of the choice of the method to be applied in actual calculations on 

spherical particles 

As it would lead us too far to repeat the discussion on the regions of validity of the 
different approximations given by Verwey and Overbeek * — but on the other hand 
an indication of the different limits of validity should be useful for future applications 
— we give Without proof an enumeration of the methods to be applied in the form of 
a table. 



* loc. cii., p. 143. 

* loc. cit., p. 139, 156. 
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Value of the surface potential 


TABLE 4 


Method to be applied for the calculation of the 
interaction of two spherical double layers. 


Small, i.e., < — mV 

z 


xa > 10 
10 > xa > 1 

1 > X a 


Eq. (28) 

Gr<iphical compromise between eq. (28) and Fig. 8, 
as illustrated in Fig. 9 for y. a = 3. 

Fig. 8, § 4 d. 


Large, i.e., > — mV 

z 


xa > 3 
3 > xa> 0,5 


0,5 > xa 


Table 3, Fig. 7. 

The same, but the results become less accurate. The 
accuracy is more favourable, the higher the 
value of the surface potential. 

Fig. 8, 4 4d. 

The results become less and less accurate, the hig* 
her the surface potential, and the higher the value 
of y, a. 



^ xH, 4 

Fig. 8. Potential energy of repulsion between 
two spherical particles for different values 

of X a 


H,/a 


Fig. 9. Repulsion curves for x a = 3 

-equation (28) 

. Fig. 8 

- best curve 


§ 5. INTERACTION FOR OTHER FORMS OF PARTICLES 

Although the essential features of double layer interaction are quite clearly given 
by the cases of fiat and spherical double layers, in practical applications other forms 
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§ 5 INTERACTION FOR OTHER FORMS OF PARTICLES 


may be of interest. The coagulation of small particles against flat walls, investigated by 
vonBuzagh (see chapter VIII, § 7 b. 1. p. 325) could probably be described by the 
interaction of spheres with flat plates. The interaction in sols with elongated particles 
(e.g., V 2 O 5 , tobacco mosaic virus) points to the need of a theory for long cylindrical 
particles. This has been treated by Levine and Dube *. 

§ 6 . INTERACTION AT CONSTANT CHARGE OF THE SURFACES 

Thus far the interaction of double layer systems has been treated as if thermody¬ 
namic equilibrium were continuously maintained. This implies that the surface poten¬ 
tial, , has been considered as a constant completely determined by the composition 
of the electrolytic solution. The surface charge on the other hand, then changes with 
the interaction. Now it is quite conceivable that this change of charge which implies 
transition of charge carriers from one phase to the other needs so much energy of 
activation, that the process is much slower than the time of a BROWNian encounter of 
two particles. In that case during the interaction not the surface potential but the surface 

charge should be considered as a constant. 

The same is applicable when the charge of the surface does not rest upon an equili¬ 
brium of potential-determining ions at all but depends for instance upon the dissocia¬ 
tion of certain groups fixed at the surface, like SOjH groups in sulphonated coal. 

The whole treatment of interaction has to be based now on eq. (5) p. 247, because 
the contributions (electrical and chemical) of the potential-determining ions drop out. 
Fortunately, however, the resulting repulsion does not differ very much * from that for 
constant potential which may be most easily proved by the use of the equation for the 
repulsive forse (23), which is derived without knowing whether during interaction the 
charge or the potential of the surface is kept constant. 

When therefore in the following part the treatment is restricted to the case of 
constant potential this is practically no restriction, constant potential and constant 
charge leading to almost the same results. 

§ 7 INTERACTION OF TWO DOUBLE LAYERS AT THE INTERFACE 

BETWEEN TWO LIQUIDS. CASE OF EMULSIONS 

In chapter IV, § 4c, p. 128 it has been shown that the double layer at the interface 
of two liquids has a diffuse character in both phases. When one of the phases is an "oil” 
with low dielectric constant and the other phase consists of water, the major part of the 
potential drop occurs in the oil phase. 

The interaction of two double layers of this type has a twofold interest. 

1. In an emulsion, that is a dispersion of small liquid drops in another liquid, the 
diameter of the drops may easily be so small that in the interior of the drops the two 
double layers generated on opposite poles of the drops interfere. This causes, as lias 
been explained in § 3a, p. 247, a lowering of the charge of the double layer and conse- 


' G. P. Dube, Indian J. Phys., 17 (1943) 189; sec also: S. Levine, Ttans. Faraday Soc., 42 B (1946) 

102 . 


^ In fact, (he repulsion at constant charge is slightly larger than that of constant potential. 
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quently a decrease of the potential drop in the outer phase. This effect is illustrated in 
Fig. 10, where the electric potential in a system consisting of a thin layer of an "oil” 
between two water layers has been reproduced *. 

The potential drop in the water phase, already small when the oil phase is thick, 

becomes still _smaller when the oil is 
present in the form of a thin layer. 

2. In the second place the interaction 
of the double layers of two droplets of 
an emulsion will determine the stability 
of the emulsion. A complete description 
of this effect offering still more mathe¬ 
matical difficulties than the interaction 
of two spherical double layers as treated 
in § 4 will not be aimed at, as a superfi¬ 
cial consideration will already be sufficient 
to demonstrate that the energy of in¬ 
teraction between two droplets of an 
emulsion is much smaller than that 
between solid particles. This explains 
why emulsions of two pure liquids are 
never stable (c/. chapter VIII, §11, p.336) 
and why the addition of emulsifiers is 
necessary to prepare stable emulsions. 

Let us first consider the meeting of 
two drops (radius a) of water in a con¬ 
tinuous oil phase. In that case the 
repulsive energy will be of the order of 
(c/. eq. (28)) 



A 


*^oil ® oit 


Fig. 10. The interaction of two double layers at 
the interface liquid 'liquid. Phase 2 is the phase with 
the lowest dielectric consunt ("oil”). Curve a: both 
phases infinitely thick; curve i; the oil phase has a 
thickness 2d = curve c: the oil phase has a 

thickness 2d - 1 

in which s„., and>^j,., are the dielectric 
constant and the potential drop in the oil. As s this repulsion is much 

smaller than that between solid particles ir. water, although may be fairly large. 

When on the contrary two oil drops in a water phase approach each other, the work 
of interaction will be about 


and as to a first approximation 


^ S Q * 1 ^ 

n Hater ^ r natter 


.1, 




Voll 


=1 


n t 


n z 

IT 


(29) 


where and are the concentrations of monovalent electrolytes in the two phases, the 
repulsive energy becomes 

.2 . 2/1 


R 


z a = g 
•e * u» 


a 


n 




which, as n will usually be much smaller than n^, is still smaller than the repulsive 
energy between two water droplets in oil. 

* E. J. W. Verwey, Trans. Faraday Soc^, 36 (1940) 192. 
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§ 8. INFLUENCE OF THE STERN CORRECTION ON THE INTERACTION 

In order to complete the picture of the interaction of double layers, it is still neces¬ 
sary to take account of the finite dimensions and the specific adsorbability of the ions 

as introduced by Stern ‘ (c/. chapter IV, § 4b, p. 127). 

It has been mentioned in chapterIV, that the picture given by Stern should only 
be considered as a provisional one, but experimental data from very different fields 
(elcctrocapillary curve, chapter IV, §5, p. 146, adsorption isotherms of potential deter¬ 
mining ions, chapter IV,§ 6, p. 162,electrophoresis, chapterV,§9b. l,p.226,stabtUty, 
chapter VIII, §4. p. 310) indicate that the Gouy-Chapman theory of the double layer 
becomes insufficient when either the potential or the 
electrolyte content is high. 

Retaining for the moment Stern’s theory it 
should be asked how the interaction is modified by 
the presence of a Stern layer. Considering again two 
flat plates approaching each other, the primary effect 
will be an interaction of the two diffuse double layers, 
c/. Fig. 11. A direct influence ofthe two Stern layers 
on each other will only occur when the distance 
between the plates becomes of the order of atomic 
dimensions and thus may usually be left out of 
consideration. 

The first effect of the interaction is a decrease 
of the charge of the diffuse double layer, but, as is confirmed by a more detailed cal¬ 
culation * when the interaction is not very strong the potential of the Stern layer 
will be practically unaffected. 

This being the case, the whole interaction between two double layers may then 
be described by the methods described in § 3 and § 4, with the only modification that 
the surface potential has to be replaced by the Stern potential the value of 
which may be determined from the distribution of the double layer on one plate only. 

For considerations on the stability of colloids this implies the following important 
points. 

1. As 4-s is usually smaller than the very high potentials in the double layer, where 
the applicability of Boltzmann's principle in its simple form® is questionable, 
are eliminated. 

2. Even if is (or is nearly) independent of the concentration of indifferent electro¬ 
lytes, 'i/g will strongly depend upon it (c/. chapter IV, § 4d, Fig. 5, p. 131) and in 
comparing the stability for different contents of electrolyte this effect should be taken 
into account. 

3. Although in the diffuse double layer only the concentration and valency of the ions 
are important, the value of the Stern potential is determined by specific proper¬ 
ties of the ions, and this enables us to explain differences in the stability between ions 
of the same valency type. 

Especially for this last-mentioned reason a further development of Stern's ideas 
would seem well worth the trouble. 

‘ O. Stern, Z- EUkirochem., 30 (1924) 508. 

E. J. W. Verwey and J. Th. G. Overbeek, he. at., p. 128. 

* c/. chapter IV, § 4a p. 126. 




Fig. IL Interaction of the diffuse 
parts of two double layers consisting 
each of a Stern layer and a diffuse 

layer. 
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§ 9. ATTRACTIVE FORCES BETWEEN COLLOIDAL PARTICLES 

a. Long range character of the London-Van Der Waals attraction 

In order to understand colloid stability, besides the double layer repulsion an 
attraction which keeps the coagulum together must be assumed to exist. This attraction 
must be of a very general kind because all lyophobic suspensions can be made to coagul¬ 
ate by removing the double layer repulsion. The only known attractive forces of suffi¬ 
cient generality are the London dispersion forces. Usually the London-Van Der 
Waals forces are supposed to have only a very short range, of the order of atomic 
dimensions. In the case of colloidal particles the additivity of dispersion forces, however, 
lend them a much longer range (of the order of colloidal dimensions). 

Kallman and Willstatter * were the first to draw attention to this fact. The idea 
has been taken up by De Boer * and especially by Hamaker * who developed a theory 
of the stability of hydrophobic colloids based on the interplay of double layer repulsion 
and Van Der Waals attraction. 

It has been suggested by other authors * that the introduction of Van Der Waals 
forces is superfluous because the attraction can already be explained by the properties 
of double layer interaction alone. As the criticism * on this point of view has not been 
refuted satisfactorily * for the time being the only origin of the attraction is to be found 
in the Van Der Waals forces. 

b. Van Der Waals attraction between two atoms 

The attraction between two neutral atoms, already introduced in 1873 by Van Der 
Waals ’ to explain the properties of non-ideal gases and liquids, has been explained by 
three different effects. Two of them, the interaction of the dipole moments ® and the 
polarizing * action of a dipole in one molecule on the other molecule can be understood 
on the lines of classical physics. London^® however showed that also between apolar 
atoms an attraction exists which is a typical quantum mechanical effect, and which, in 
all cases except for extremely polar molecules like H 20 or NH 3 , is stronger than the 
Debye and the Keesom effect. 

The London force may be visualized by the following cori'espondence picture. In a 
neutral atom the zero point energy of the electrons generates a rapidly fluctuating dipole 


‘ H. Kallmann and M. Willstatter, Naiurwissenschaften, 20 (1932) 952. 

- J. H. De Boer, Trans. Faraday Sac., 32 (1936) 21. 

3 H. C. Hamaker, Fee. trav. chim., 55 (1936) 1015; 56 (1937) 3, 727. 

^ I. Langmuir, /. Chem. Phys., 6 (1938) 893; S. Levine, Trans. Faraday Soc., 42 B (1946) 102. 

■ B. Derjaguin, Acta Physicochimica U.R.S.S., 10 (1939) 333; Trans. Faraday Sac., 36 (1940)203; 
B. Derjaguin, Acta Physicochimica U.R.S.S., 12 (1940) 181, 314; B. Derjaguin and L. D. Landau, 
Acta Physicochim. U.R.S.S., 14 (1941) 633; E. J. W. Verwey, Philips Research Repts., 1 (1945) 33; E, 
J. W. Verwey and J. Th. G. Overbeek, Trans. Faraday Soc., 42 B (1946) 117; Theory of the stability of 
lyophobic colloids, Amsterdam 1948. 

® See General Discussion, Trans. Faraday Soc., 42 B (1946) 123 et seq. 

* J. D.Van DerWaals, Thesis, Leyden 1873; DieKontinuitiit desgasformigen undflussigenZustande- 
I, II, Leipzig 1899. 

" W. H. Keesom, Proc. Koninkl. Nederland Akad. Wetenschap, 18 (1915) 636; 23 (1920) 939; Phy- 
sik.Z.,22{\92\) 129,643. 

“ P. Debye, Physik. Z., 21 (1920) 178; 22 (1921) 302. 

F. London, Z. Physik., 63 (1930) 245; See also H. Margenau, Revs. Modern Phys., 11 (1939) 1. 
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moment. The frequency of the fluctuation is of the order of the frequency of electronic 
movements, i.e., of the order of 10*® or 10** per second. The fluctuating dipole of one 
atom polarizes the other one and consequently the two atoms attract each other. 

The three components of the Van Der Waals attraction all give rise to an attrac¬ 
tive energy varying inversely as the sixth power of the distance between the two atoms. 

The potential of a dipole at a distance r is equal to 

, fi cos 9 
V p~ 


where 9 is the angle between the dipole moment and the radius vector. So the held strength F is propor¬ 
tional to ^and the Debye interaction with a molecule whose polarizability is a 

y Debye = “y* ^-^ 

The energy of interaction, t, between two dipoles depends upon the mutual orientation and is 
proportional to The Keesom attraction results from the preponderance of attractive orientations 
over repulsive ones due to the Boltzmann principle. 


y Keesom = 


over all 
orienlauon& 


/ ce "^*^d4.d& 




over all 
orieDtaiions 


£ 

kT 


'' kTr* 

Finally the London energy can, according to the above mentioned correspondence principle, be descri¬ 
bed as a sort of Debye effect and consequently is also proportional to Various authors have developed 

approximate expressions for the proportionality factor of which we cite here without proof London's 
own equation. 

} A V 

^London (32) 

in which hi- is a characteristic energy corresponding to the chief dispersion frequence r taken from the 
dispersion spectrum of the atom. 

Alternative approximations have been given by Slater and Kirkwood* and by Neugebauer^ 
leading to somewhat different (mostly higher) numerical values. 


A fundamental difference between the Keesom and Debye energy on one hand 
and the London energy on the other hand appears when the attractive forces between 
conglomerations of atoms are considered as will be neccessary for the application to 
colloid phenomena. As the electric field strength acting on an atom is the vectorial sum 
of the separate field strengths generated by each of the other atoms, the total energy of 
interaction due to the Keesom and the Debye forces is not equal to the sum of the sepa¬ 
rate interaction energies but usually much smaller. The London energy between two 
atoms, however, is to the first approximation independent * of the interaction with 
other atoms. So for a large number of atoms the total London energy may be found by a 
simple summation which for many cases may even be replaced by an integration (see 
next section). 


* J. C. Slater and J. G. Kirkwood. Phys. Rev.. 37 (1931) 682. 

* Th. Neugebauep, Z. Physik, 107 (1937) 785. 

’ See for instance H. HELLMANN,£in/H/irungm die (?uonienc/jemic. Leipzig und Wien. 1937. p. 189 
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c. Retardation of London-Van Der Waals forces 

As the London forces are essentially of electric origin, a certain time is necessary 
for their propagation and it can be expected that a more complete treatment, taking 
account of relativistic effects, may change the laws of interaction. If indeed the corres¬ 
pondence picture of the previous subsection is followed more closely, it would be 

expected that if the time of travel of an elec¬ 
tromagnetic wave from one atom to the other 
is of the same order or larger than the time of 
revolution of the electrons, or, which amounts 
to the same thing, if the distance between two 
atoms is comparable with the wave length of 
the London frequency {cf. eq. 32), the London 
force will be smaller than the value given by 
eq. (32). 

This qualitative picture has been worked 
out by Casimir and Polder * who found that 
for large distances between the atoms the 

London energy decreases as ^ instead of as—. 

Fig. 12 shows how, in an especially simple 
case, the London interaction is weakened by 
this retardation effect and how this weakening 
begins to be important when the distance of 
the two atoms is of the order of X which may 
be estimated as 1000 A or thereabouts. 

The correction function can be quite 
accurately represented by simple analytical expressions, namely 

»/ 4 «* hv 











Fig. 12. Correction factor due to retarda¬ 
tion for the contribution of one excited state 
to the usual London energy. (1) For the 
interaction between a neutral atom and a 
metallic wall, r is measured in units | >. 
(2) For the interaction between two neutral 
atoms, r is measured in units X. 


V = - 


Up) 


(33) 


in which p 
0 < p < 3 
3 < p < cso 


2 X = - 

X I 

f(p) = 1.01- 

f(p)=^- 


0.14 p 
2.04 


§ 10. LONDON-VAN DER WAALS ATTRACTION BETWEEN TWO 

PARALLEL FLAT PLATES 

a. Attraction according to the inverse sixth power law 

Consider two infinitely large flat plates, each of thickness S, at a distance 2 d from 
each other. The number of atoms per cm" is q and the London energy between two 

atoms at a distance r ^ __^ ( 34 ) 

London r* 

' H. B. G. Casimir and D. Polder, Phys. Rev., 73 (1948) 360; Nature, 158 (1946) 787. 
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Then the attractive energy per cm- of the two plates can be easily calculated. When the 
distance d is larger than a few atomic diameters the summation of (34) over all atomic 
pairs may be replaced by an integration. 

In Fig. 13 an atom (belonging to the left hand plate) is sketched in its interaction 
with the other plate. The right hand plate is thought to 
be built up of infinitesimal small rings of diameter o, cross 
section do djf at a distance {R -f- x) from the atom cons¬ 
idered. 

The energy of interaction is found equal to 
/ =: J j-2 r. o-do‘ dx- g 


O 0 


{{R xy 


o^)y 


~?^g 


1 


1 


R^ {R - s)' 


) 


(35) 


The interaction of a column with cross-section dO and 
a length equal to the thickness of the second plate is given by 
2d + B 

V^dO^j dO ■ d /?■,./ = - ^ - 

2 d 





s ^ ^ 


dO 


(36) 


Fig. 13. Illustrating the Lon- 
don-Van Der Waals forces 
between an atom and an in- 
hnitely large plate of 
thickness >$. 


‘ 2 

in which, following Hamaker, A is written for -'•> q- 

When the distance between the plates is small compared with their thickness the 
energy of attraction per cm- simplifies to 

A 

(37) 


= - 


A 

48 - d-' 


This attraction decays comparatively slowly with increasing distance, a property 
explaining the long range character of the London-Van Der Waals forces. For very 
small distances the attractive energy tends to assume an infinitely large negative value. 
But there, of course, the approximation used is not valid. In addition to it not being 
permissible to substitute the integration process for the summation over all pairs of 
atoms repulsive forces will also come into action due to the BORN-repulsion between 
the electronic clouds. It does not seem worth while to try to correct equation (37) for 
these effects as physical surfaces probably always possess a certain surface roughness ' 
exceeding molecular dimensions, so that a treatment of perfectly flat surfaces at very 
small distances apart is senseless. 


For the applications of Van Der Waals forces to colloul science fortunately the 
most interesting distances are much larger titan atomic dimensions and therefore these 
difficulties form no obstacle. 


’ Cf. J. J. Bikerman, Surface chemistry for industrial research, New York 1947. 
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In most practical cases the colloidal particles are not separated by a vacuum, but 
are embedded in a medium (e.g., water). The quantity A has then to be replaced by 
a more complicated expression, which, however, is independent of form and distance 
of the particles and is always positive 

In Fig. 14 we consider the interaction between 
two particles of substance 1 embedded in substance 
2 at two different distances. One particle is sketched 
as a square one, the other as a round one. When 
the round particle is brought nearer to the square 
one, inevitably an equal volume of liquid is 
displaced and taken farther away from the square 
particle. In order to evaluate all the energies 
involved, it is necessary to consider a '^square*' 
volume of liquid which is not displaced and which is near the round particle or (he round volume of 
liquid in the first or the second situation. The Van Der Waals energy of the whole system remains 
unaltered except for the interactions between the two particles and the two volumes of liquid sketched 
in Fig. 14. The change in Van Der Waals energy between the two situations is given by 


B ® ® f)ort/c/es for oport 

[Q 0 5] (T) por tides side by side 

Fig. 14. Van Der Waals interaction of particles 

1 in a medium 2. 



A22 “ 2 >^12) 


jj 


dV 


tqoare 


dV 


round 


in which A | j refers to the interaction of atoms 1 among each other, >422 among atoms 2, and i4]0 

to the mutual interactions of substance 1 and substance 2. The volume integral is the same a$ for two 
particles in a vacuum. The proportionality constant >4^t + >422 - 2 >4 12 is always positive when the 

usual assumption that = A^i • A 22 may be used, for then 



-h A.J2 



All + A22 21 / All ‘ 


The influence of the medium through which the London forces are transmitted would be taken 
into account by dividing A by the dielectric constant of the medium for a suitable frequency. As, 
however, we are anyway badly informed on the values of the London interaction of the substances 
which are important in colloid chemistry we shall not discuss this correction any further. 


To give an idea as to the order of magnitude of A we give the value calculated 

according to the method of Slater-Kirkwood * for the which is found 

equal to 

^ = 0 — 6 X 


b. Introduction of the retardation correction 

The retardation correction to the London attraction between flat plates is found 
by introducing the retardation correction to the attraction of two atoms (§ 9c, p. 266) 
in the considerations of the preceding subsection. In § 9c the retardation correction 
has been given in terms of 2 n- r, >• (>. = London- wavelength). When the distance between 
the plates is much larger than only that part of the London attraction which varies 

as - - is felt, 

r’ 

This leads us to an attraction between two plates (infinitely thick) decaying as 
1 instead of as 1 d-(c/. eq. 37). 

The whole corrected attraction function is easily found by the application of eq- 
(33) and is represented in Fig. 15 and Table 5. 


' H. C. Hamakep, Physica, 4 (1937) 1058. 

- J. C. Slater and J. G. Kirkwood, PJ»ys. Rev., 37 (1931) 682. 
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TABLE 5 

Correction factor to be applied to the London attraction between two flat plates in order to account for 
the retardation effect 

'^■ti - X corr. factor 


p - 4 n d/X corr. factor 


0.2 

0.905 

0.5 

0.770 

1.0 

0.597 

2.0 

0.389 

3.0 

0.282 

5.0 

0.180 

10.0 

0.094 

large 

0.98/p 


torrtchien 

factor 



Fig. 15. Retardation correction factor to the London attraction between two flat plates at a distance 2d. 

In a special case, viz., that of two perfectly conducting plates Casimir ‘ derived the 
value of the retarded London attraction in a completely independent way and came to 
following expression for the attractive force F, valid for large values of d (expressed in 
microns) 

F= 0.013 dyne'em* (38) 

a* 

in good accord with his former work and the above given value for plates of arbitrary 
material. 


§11. LONDON ATTRACTION BETWEEN TWO SPHERES 


In principle the calculation of the London attraction between two splieres follows 
the same lines as that between flat plates, only the integrations to be carried out are 
somewhat more intricate. 


* H. B. G. Casimir, Proc. Koninkl. Nederland Akad, Wetenschap, 51 (1948) 793. 
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The problem has been resolved by Hamaker * for the interaction of two spheres 
of arbitrary dimensions at an arbitrary distance. 

His result, specialized for the case of two equal spheres of radius a with a distance 
R between their centres, is given by 




2 a* 2 a* i?2_4an 

7?* —4a*"'" i?* -R* J 



This attraction can be described as a function of the ratio between R and a. The 
physical meaning of this is clear. The attractive energy retains the same value when 
all the dimensions of the system are multiplied by the same factor. Then all the dis¬ 
tances between corresponding interaaing volume elements are multiplied by a factor, f, 

the interacting energy is multiplied by but the volume elements themselves arc each 

7 1 

multiplied by /*. The two factors /’ just cancel the -^and the interaction is not modified 

1 ^ 

This property thus is a general feature of the — law, a feature which is closely connec¬ 
ted with the long range character of the London-Van Der Waals forces. 

Calling — = s, eq. (39) can also be written 
a 



For small distances between the spheres this attraction decays still slower than 
that between flat plates. Indeed, calling the shortest distance between the spheres 
R — 2 a = H, and developing (39) for small values of H, we find 



Aa 1 

l2 H 


whereas of course for large distances between the spheres decays as 


1 



The eq. (39) and (40) are valid only if the retardation is neglected. If we want to 
introduce the retardation correction this can be done in the same way as for the flat 
plates. The integrations are rather tedious though in principle not difficult. The results 
are given in Fig. 16 which represents the ratio between the London force with retarda¬ 
tion and that following the reciprocal sixth power law. As the retardation depends 
explicitly on the length )., it is now impossible to express the results as a simple function 

of —. In Fig. 16 we have therefore chosen as abscissa the separation between the two 

spheres H — R —2a expressed as a multiple of — . The different curves are valid for 

^ 7 * 

spheres of different magnitude, the smallest giving the same correction function as that 
between single atoms, the largest resembling more and more the case of flat plates. 


• H. C. Hamaker, Physica, 4 (1937) 1058. 
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Fig. 16. Retardation correction factor to the Lornx)N attraction between two equal spherical particles. 

The radii of the particles are resp. 0.6, 3 and 30 times ^ where X is the LoNDON-wavelength. The 

abscissa is the shortest distance between the two spheres again expressed in multiples of r—. 

Z TT 


§ 12. THE TOTAL INTERACTION BETWEEN COLLOIDAL PARTICLES; 
COMBINATION OF LONDON ATTRACTION AND DOUBLE LAYER 

REPULSION 

a. General properties of curves of total interaction 

The total energetic interaction between colloidal particles is found by addition of 
the repulsion and the attraction curves. The general character of this curve of total 
interaction can be easily deduced from the properties of the repulsion and the attraction. 
The repulsion has the features of an exponential function with a range of the order of 
the thickness of the double layer. It remains finite for all values of the distance between 
the particles. The attraction however decreases as some inverse power of the distance. 
For very small distances it goes to very large negative values. Consequently the attract¬ 
ion will predominate at very small and at very large distances. At intermediate distances 
the repulsion may predominate but whether this is really the case will depend upon the 
actual numerical values of attraction and repulsion. In principle there are two different 
types of curves of total interaction, viz., one with a maximum at intermediate distances 
and a minimum at larger distances and the other showing a monoionic decrease of the 
energy with decreasing distance. See Fig. 17. The separation between the particles at 
which these maxima and minima occur will be of the order of magnitude of the thick¬ 
ness of the electrical double layer, as this is the range of the repulsion. 

In Fig. 18 one attraction curve is combined with a number of repulsion curves of 
different range, which shows very clearly the displacement of the maximum to larger 

distances with decreasing concentration of electrolytes (increasing —). 
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V Mat er\eroy 




\ In most actual cases it will 

\ not be necessary to take account 

\ of the retardation effects in the 

\ London forces (for possible ex- 

\ ceptionsc/. chapterVin,§ 11a, 

p. 337) as this only manifests 
/ \ itself for distances larger than 

repulsion \ 1000 A whereas in colloidal 

curves \ 1 

/ V Mol energy systems — is usually smaller 

I ^ 

(often much smaller) than this. 

/ _Z****^*^— tf/jtanc# between two plates 

- rlt -/^u-——"ft— b. Interaction between flat 

/ ‘''x plates 

/.Cattraction curve The interaction of flat 

' plates IS important in two ways 

ll forourunderstandingofcolloid- 

j chemical phenomena. In the 

I first place it can be applied im- 

j mediately to systems containing 

I flat particles like vanadium 

Fig. 17. Combination of one attraction curve with pentoxide, bentonite and the 

I two repulsion curves of different height. I-, r, • ■ i c ___ 

® like.Butalsointhecascofmore 

symmetrically formed crystal¬ 
line particles we may expect that the description of flat plates will give us information 
on the behaviour of the system. Indeed the interaction of, say, cubical particles which 
approach each other with sides of the cubes facing each other, will be well described 






on ruction curve 


Fig. 17. Combination of one attraction curve with 
two repulsion curves of different height. 
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Fig. 18. Illustrating the influence of the concentration of electrolyte 
(expressed through x: c/. inserted table) on the potential energy curve. 
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as flat plates when the distance between the cubes is small compared with their linear 
dimensions. 

Moreover it will be shown in chapter VIII that the general properties of lyophobic 
stability can be derived from the interaction of flat plates. 


A great number of variables influence the interaction of flat plates. The concentra¬ 
tion and the valency of the electrolytes are important but so, too, are the potential of 
the surface and the value of the London constant. In § 3b we have already seen that 
many possible interaction curves can be easily transformed into each other by a suitable 
choice of the units of energy and distance. 


For a given value of Z ( 
sion is given by 


zz 

kf 


times the potential of the surface) the energy of repul- 
= (Xd) 


In the same way the energy of attraction, which is proportional to d~*, can.be given as 


^ a* X 4 g (x d) 

Hence a c irtain curve of total interaction giving the energy as a function of the distance 
is also valid for another set of values of x and z if the unit of energy is changed in the 

ratio I ;,thevaIueof 4intheratioai*Xi/a2* xt and the unit of the length in the ratio 

Zt I Z\ 

X|/xs. A set of typical interaction curves is given in the Figs. 19-23 in which the 
units of length and energy and the value of A to match it are mentioned in the insets. 

In Fig. 19 even for the highest values of the potential of the surface the attraction 
prevails for all distances. Fig. 20 which as compared to Fig. 19 has lower values of the 



Fjg. 19. Curves giving the total potential energy per cm* against the separation of the plates. 
Potential of the plates'4'^ = Z x 25.6 mV. The electrolyte is supposed to be univalent. For other 

units cf. the conversion tables inserted in the figure. 
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London constant A, shows clearly the transition of curves with a maximum for high 
values of the potential to curves without a maximum for values of Z equal to 4 or lower. 
Each of the following figures has been constructed for lower values of the London 
constant, leading to a continually greater preponderance of the repulsion. 

When we realize that stable colloids can only be expected when the potential 
energy curve shows a maximum and that for univalent electrolytes the flocculation value 



Fig. 20. Curves giving the total potential energy per cm^ against the separation of the plates. 
Potential of the plates — Zx 25.6 mV. The electrolyte is supposed to be univalent. For other units 

c/. the conversion tables inserted in the figure. 



Fig. 21. Curves giving the total potential energy per cm* against the separation of the plat«. 
Potential of the plates P = Z x 25.6 mV. The electrolyte is supposed to be univalent. For other units 

c/. the conversion tables inserted in the figure. 
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is usually found to be of the order of 100 m mol/1 (x = 10’) we see from the Figs. 19-23 
that stability for this concentration of electrolytes and not too high potentials, demands 
a value of A in the neighbourhood of 10-‘* which is in quite good accordance with 
the theoretical evaluation of A mentioned in § 10a. 

A more detailed discussion on colloid stability, in which we shall also make use 
of the Stern correction, will be given in chapter VIII because a good understanding 



Fig. 22. Curves giving the total potential energy per cm* agairtst the separation of the plates. 
Potential of the plates - Z x 25.6 mV. The electrolyte is supposed to be univalent. For other units 

c/. the conversion tables inserted in the figure. 



Fig. 23. Curves giving the total potential energy per cm* against the separation of the plates. 
Potential of the plates y - 2 x 25.6 mV. The electrolyte is supposed to be univalent. For other units 

c/. the conversion tables inserted in the figure. 




















276 


INTERACTION BETWEEN COLLOIDAL PARTICLES 


VI 


energif 


of stability can only be given after the treatment of the kinetics of flocculation (chapter 
VII). 

c. Interaction of spherical particles 

In the same way as for flat plates the repulsion and attraction curves can be com¬ 
bined for spherical particles to give curves of total interaction. 

In this case we express the energy as energy per pair of particles and can immedia¬ 
tely compare this energy with the energy of BROWNian motion. It is thus to be expected 

that stability will be found when the 
maximum of energy is large when com¬ 
pared to kT whereas a maximum of kT 
or lower will be easily overcome by 
BROWNian motion, leading to floccula¬ 
tion. 

Just to give a few examples of in¬ 
teraction curves we reproduce Figs. 24 
and 25 showing, for particles of 10“® cm 
radius, how the interaction curves change 
withx (concentration of electrolytes) and 
the surface potential. As abscissa we 

have chosen the value s = — defined 
already in § 11. 



a 


d. The Born repulsion 

It has been mentioned in § 10a that 
for very small distances the Born repul¬ 
sion between the electronic cloudscomes 
into action.Owing to its very steep descent 

this is a typical short range force even for 

colloidal systems. Its presence is impor¬ 
tant in preventing the energy from 
becoming infinitely large and in helping 
to explain peptization phenomena (chap¬ 
ter VIII, §9, p. 333). 

Its value in colloidal systems is very 
difficult to estimate, because as a short 
range force the value is much more 
sensitive to structural details in the sur¬ 
face than are the long range double layer repulsion and Van Der Waals attraction. 

Hamaker ^ has given schematical potential curves of colloids in which the Born 
repulsion is included. 

e. Interaction of more than two particles 

In stable lyophobic systems and in the first stages of coagulation it is sufficient to 
consider only encounters between two particles, as multiple encounters are too rare 


kT 

a = 10“^ cm; ^ = 10“** ergs; = —*25.6 mV. 


* H. C. Hamaker, R«c. irau, chim., 56 (1937) 3. 
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to have any appreciable influence. In the further course of coagulation when larger 
agglomerates have been formed, interaction of more than two particles becomes 
important. 

Perhaps still more important is 
the interaction of many particles in the 
phase separation found in systems 
with elongated or flattened particles. 

(See chapter VIII, § 7, p. 326) 






XkTV 


Unfortunately theoretical deve¬ 
lopment in this direction is practi¬ 
cally absent. Levine * considered the 
correction on the interactions for the 
change in the electrolyte content of the 
surrounding medium due to desorp¬ 
tion. This may be an important effect 
in concentrated colloidal systems, but 
the idea has not yet been fully deve¬ 
loped so that even the sign of the 
effect is uncertain. 

Onsager’ treated the problem of 
phase separation from a completely 
different point of view and succeeded 
in showing that phase separation may 
be due partly to entropy effects. Also 
in his calculation, however, all inter¬ 
actions are described as interactions 
by pairs which enables him to find the 
analogue of the second virial for col¬ 
loidal systems and this is in principle 
enough to describe phase separation. 
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Fig. 25. Showing the influence of (he surface potential 
on the total potential energy of interaction of two 
spherical particles 

c = 10^ cm; A = 10^** ergs; y. - 10^cm“^ 


^ S. Levine, Trans. Faraday Soc., 42 B (1946) 102. 

* See S. Levine, J. Th. G. Overbeek, Discussion remarks Trans. Faraday Soc., 42 B (1946) 128; 
S. Levine, Trans. Faraday Soc., 44 (1948) 833. 

® L. Onsacer, Ann. N.Y. Acad. ScL, 51 (1949) 627; Phys. Rev., 62 (1942) 558. 
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§ 1. VON SMOLUCHOWSKI’S THEORY OF RAPID COAGULATION 

In the introduction to Chapter VI it has been mentioned that the stability of 
hydrophobic colloids is to be judged by their rate of coagulation. A further considera¬ 
tion of the flocculation process is therefore necessary. 

The course of the coagulation with time is determined by two factors, the Brown- 
ian motion of the particles and their interaction when they are close together. The 
simplest case is then obtained when so much electrolyte has been added to the sol that 
the repulsion may be completely neglected. As a further simplification the remaining 
attraction can be represented by a sphere of action surrounding each particle. If a 
second particle enters this sphere of action, the 
two particles coalesce irreversibly. This means that 
we replace the London-Van Der Waals attraction v 
by an infinitely deep potential well with a verti¬ 
cal wall. Fig. 1. 

In this form of coagulation every encounter 
between particles leads to a permanent contact. 

The rate of this so-called rapid coagulation is thus 
completely determined by BROwNian motion alone. 

Von Smoluchowski ‘ has given an admirable ana¬ 
lysis of the rate of this process. 

He assumes that initially spherical particles 
of equal size are present per unit of volume and 
that at r = 0 the repulsion between the paricles 
is suddenly removed (for instance by addition of 
electrolyte) so that coagulation sets in. Now the 
number ofencounters between the particles has to be Fig. 1. Replacement oftheVAN Der 
determined, a problem which can be conveniently Waals attractionby a sphere of action, 
solved by considering it as a diffusion problem 

Considering first one particle as fixed in the origin of coordinates, we ask how 
many of the other particles will collide with it in the course of time. The other par¬ 
ticles are now in a diffusion field characterized by the conditions that 

at f = 0 V = I’o for r > R / (1) 

for t > 0 V = 0 for r = R ^ 

‘ M. Von Smoluchowski, Physik. Z., 17 (1916) 557, 585j Z. physik. Chem., 92 (1917) 129. 

' See also S. Chandrasekhab, Revs. Mod. Phys., 15 (1943) 59. 
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r is the distance from the centre of coordinates, R is the distance between the centres 
of two particles at which a lasting contact is formed. In the simplest case R is equal to 
2a, a being the radius of one particle. 

The changes in number of particles anywhere in the diffusion field are given by 
the second equation of Pick 

~ = DA<' (2) 

dt 

in which D is the diffusion constant of the particles, and J the Laplace operator. 

The solution of this equation subject to the conditions (1) is 



This seems a rather complicated equation and perhaps a clearer insight into the physi¬ 
cal state of affairs may be gained by directing the attention to the nearly stationary state 
of diffusion which is reached very soon (for t >• R*!D, see below). 

In the stationary state the number ij) of particles diffusing through any closed 
surface in the direction of the central particle must be constant and equal to the number 


of particles colliding with the central one. 

This can be expressed by the first equation of Pick which, for 

a sphere around the 

origin, runs 

dv 

T= D 4 7cr»- — 

5r 

(4) 

The solution of this equation satisfying the condition 

V = Vj, for r = 05 

(5) 

J 1 

is: V =v.-- 

(6) 

® D 4 jc r 

With the aid of the condition 

V = 0 for r = R 

(7) 

the number of collisions with the central particle is found to be 

J=4nDRv^ 

(8) 


If the central particle is also subject to BuowNian motion, the diffusion constant 
in (8) should now describe the relative motion of two particles. As the motions of the 
two particles arc completely independent of each other, the suitable diffusion constant 
is now 

D,,^D,-TD^ (9) 

or when the particles are of equal size 


— 2 


(10) 
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The diffusion consunt is related to the mean square of the displacement in one direction by the 
equation 



( 11 ) 


The relative displacement of two particles is given by Xj — Xj and so the relative diffusion consUnt by 


n (xi — Xt)* 

“ 2t 

as the average value of Xi X 2 is zero. 


Xi* 2xiX. Xa* 


( 12 ) 


So the number of particles colliding with one individual particle is equal to 
8 Tz D R and the rate of disappearance of the primary particles is given by 


dy 

df 


8 n D R 



which shows that coagulation proceeds as a bimolecular reaction, the reaction constant 
of which can be expressed in terms of known quantities. 


When the concentrations in eq. (13) are expressed as molar concentrations we get 


dc 

d; 




(14) 


with a bimolecular reaction constant k equal to 

k - 8izD 

Substituting R •• 2 a and D « AT", 6 n r, a wc find for k 

^^At^kT 


(15) 

(16) 


which is about 6 • 10*- for room temperature and the viscosity of water. This is just the order of magni¬ 
tude we are accustomed to find for the bimolecular collision factor. 

Debye ^ applied this idea, with refinements to be treated in $ 5, to a reaction between small 
molecules, viz., the quenching of fluorescence in ionic solutions. 


Eq. (13) does not yet adequately describe the coagulation process except at the 
very beginning. Indeed after a certain time binary particles have been formed and it 
will be necessary to include the influence of collisions of primary particles with these 
multiple ones and those of the multiple ones amongst themselves. 

The number (6) of collisions per second between primary particles follows imme¬ 
diately from eq. (13) 

6,, = 4 77 D /e i-= = 2 7T Z)„ (17) 

Likewise the rate of collisions between particles of type i and type / is given by 

bi, - 4 - Ay Rij t'i yj (18) 

At a certain stage of the coagulation process let the number of primary particles 
per cm* be )’„ that of secondary particles r-, generally that of i-fold particles be v„ then 


^ P. Debye, Trans. Efectrocfiem. Soc., 82 (1942) 265. 
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the number of the A:-fold particles increases by collisions of i-fold and /-fold particles in 
which i -f j~— fc and decreases by any collision with the k-fold particles. So 

j s I CO 

—- =^1 ^ AnDijRijViVj — Vfc ^ ^TzDikRikVi (19) 

it'. 

j=k-i 

Now Dij ~ Di + Dj, and the radius of interaction Rij is about equal to n rj in 
which r,- and rj are the radii of the multiple particles. Moreover the diffusion constant D; 
will be inversely proportional to r;. Consequently 

A; Rij = (A- + A) (n + rj) = D,r, (~ + -^) (fi + 0 ) (20) 

When Tj and rj are not too widely different, the product (^ + rj) (rr^ + r;-‘) 
will have a value slightly larger than 4, and Smoluchowski therefore introduces the 
approximation 

A>-i ?.7 = 4D.ri (21) 

or, if one wants to acknowledge the fact that the distance of interaction (/?) between 
primary particles may be different from 2 r, 

A; Rij = 2D^R (22) 

In scaion 4 on the coagulation of polydispersed sols a better approximation than (22) 
will be introduced. 

With eq. (22) the fundamental eq. (19) can now be simplified to 

j^k—l 39 

y V, vj - 2 n 2 .'i 


d; 


'k 


dt 


= 4 TT Di R 


j-k-i 


i B 1 


(23) 


The rate of change of the total number of particles irrespective of their size is then 
given by 

00 

d ^ Vfc 

^ -- z Z Z = 

= I j - I ks^ I i - 1 


k - I_ — 4 r. Di R 

dt 


CO 00 / \ 

= — 4 r. Di R 2 2 — 4 n DiRI 2 *'* ) 

i - 1 i - I V k=- 1 / 


(24) 


So also the total number of particles decreases according to a bimolecular equation 
which can be easily integrated. Remembering that the original number of particles is 


we find 


00 


y__ 

I - 4 t: D, r ^ J 


(25) 


in which ^ = 4 „ ^ /? r called the time of coagulation, giving the time in which the 

I 
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number of particles is just halved. With the 
help of (25), eq. (23) which gives the num¬ 
ber of /c-fold particles can be solved now 
too, starting with the equation for the primary 
particles, which leads to 


= 


Vt = 


(* 


Vq tiT 

(1 ^ t:TY 

' t \ k-l 


(I 


"k = 




(26) 



Fsg. 2. Number of particles as a function of 
time in rapid coagulation. 


Fig. 2 illustrates the course of the flocculation as a function of time. For experi¬ 
mental confirmation of eq. (25) we refer to § 7 and § 8. 

Incidentally we may remark that if the diffusion constant D, is put equal to Ar;6 n */) the time 
of flocculation becomes 


T - 


1 




(27) 


8 n D 4 k T V 

which for water as the medium of dispersion and T - 298 is equivalent to 

and depends only on the number of particles. 

The influence of the dimensions of the particles on the collision number drops out because the 
influence on the mobility (D) is just equal and opposite to the influence on the region of contact (/?)> 
In a very concentrated Agl soh (1 mol I, Tj ^ 30 mu) the number of particles is 4*10**/ml. So 
T I 2000 sec. In a sol of normal concentration, as usually applied for determination of the floccula¬ 
tion, value, T (for rapid flocculation) varies from a second to a minute. 

It is now possible to discuss the effect made in substituting the approximate solution (eq. (4) 
(8)) for the exact solution (3) of the diffussion equation (2). Instead of eq. (8) 


J = 4 K D R $• 

the exact solution would have given the number of collisions on one resting particle 

R 


( 8 ) 


y = 4.D«,,(. 


(28) 


a correction which is unimportant when 


or, substituting again/? » 2a 


where 'v is the volume fraction of the colloid. 


/>8or 


(29) 
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Now it is already difficult to prepare hydrophobic colloids with a concentration larger than T'o 
and in experiments on coagulation the concentration is usually much smaller (e.g. 10^^This means 
that after only a very small fraction of the coagulation time T has passed, the situation is adequately 
described by the simplified equations (4) and following^ 


§ 2. SLOW COAGULATION AS A CONSEQUENCE OF THE PARTIAL 
EFFECTIVITY OF COLLISIONS (SMOLUCHOWSKI) 


Although of course the rapid coagulation is important as an application of the 
theory of BROWNian motion, it scarcely gives us any information on the stability of 
colloids. 

In rapid coagulation we study the decomposition of the corpse of a colloid, which 
is as dead as the traditional doornail. 

Slow coagulation on the contrary could be compared to a degeneration process 
leading finally to death but in which we may study still very interesting parts of the 
processes of living. 

Curiously enough the interpretation of slow coagulation which has been given by 
Von Smoluchoswki rests on very formal grounds and only very much later has it been 
tried to connect the slowness of coagulation with the interaction between particles. 

Smoluchowski’s theory of slow coagulation is derived very simply indeed from 
the theory of the foregoing section. He assumed that the difference between rapid and 
slow coagulation is given by the fact that in the former every encounter between parti¬ 
cles leads to permanent coalescence but in the latter only a fraction x of the encounters 
is successful. 

The course of coagulation is then fully described by cq. (25) and (26), only the 
time of coagulation now becomes 



_ 1 

4 ~ Di R X 


(30) 


Consequently all coagulation-time curves, whether rapid or slow should be trans¬ 
formable into each other simply by a change of the time scale. 

Unfortunately, however, there is no theory giving the connection between the 
quantity x and magnitudes like the double layer potential, concentration of electrolytes, 
etc. 

Here, the theory of Fuchs, originally developed for coagulations of smokes or mists, 
gives a new starting point. 


§ 3. SLOW COAGULATION AS A CONSEQUENCE OF A SMALLER 
NUMBER OF COLLISIONS DUE TO REMAINING ENERGY BARRIERS 

(FUCHS) • 

The theory of rapid coagulation may be extended to the case of appreciable inter.nc- 
tion between the particles by substituting for the diffusion equation (4) a diffusion in a 
field of force. 

' F. C. Collins and G. E. Kimball, /. ColhiJ Set., 4 (1949) 425. published a dciailed 
invesii^ation on this point, in view of its application to diffusion-controlled reaction r.iics. 

2 N. Fuchs, Z. Physik, 89 (1934) 736. 
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Calling V (r) the potential energy of two particles as a function of their distance r, 
the stationary diffusion current to one (resting) particle is given by 




(31) 


in which p is the frictional constant of a particle (= 6 tt >5 a) 

When the central particle is also free to move the duffusion constant Z)i in (31) has 
to be replaced by Du = 2 Di (cf. eq. ( 10 )) but at the same time the relative displace¬ 
ment of two particles subject to the potential energy V is also doubled, which may be 
expressed by taking 


1 


Pii 


_2 

Pi 


(32) 


Further, Einstein ’ has deduced that the general relation between p and D is 

pD = kT 

With these substitutions eq. (31) is transformed into 

Sr kT dr 

which equation has to be solved for the boundary conditions 

v = 0 atr= 2 a 
and V = at r = 

When the particles are very far apart there is no interaction or V, 

V(,2a) = — « 

The solution of (34) is then given by 


(33) 


(34) 


= 0 whereas 


V = I' exp (— Vir)/kr) + 


Jcxpi- Vir)lkT) 


with 


8 TT Z)i 


exp(V’(x)/AD 


CO 


/ = 


8 7t Di V, 


Oo 


exp (+ V(x)/kT) 


dx 


2a 


dx (35) 


giving the number of collisions with one particle. 

Comparing this equation with eq. (13) of § 1 and putting R = 2a, we see that 


‘ A. Einstein. Z. Elekuochem. 14 (1908) 235; Ann. Physik. 17 (1905) 549; 19 (1906) 371. 
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by the presence of the potential energy V 
the coagulation has been slowed down by a 
factor * 


od 


= 2a J exp {VkT) ~ 
2a 


03 


= 2 J exp (V^kT) — 
2 


dr 


(36) 


where s = r/a. 

Although it would be desirable to ex¬ 
tend the theory given in this section also 
to collisions between multiple particles it 
would not be possible to introduce in a 
simple way an analogue of eq. (22) and 
the general theory would become very com¬ 
plicated; on the other hand eq. (36) des¬ 
cribes exactly the retardation of the floc¬ 
culation in the first stages when not many 
secondary particles have been formed. 

The application of (36) to practical 
cases demands an evaluation of the integral 
of 1/s* exp {VlkT), which usually has to be done by graphical or numerical integration. 
An approximation which is useful as a first orientation is given by 


Waals constant A = 10 '* erg; surface 
potential ij/ = 28.2 mV. 


00 


2 / exp (VlkT) dj/i> ^ - exp (VlkT) 

2 ^ 


(37) 


where is the maximum in the potential curve. 

The method for evaluating V has been described in Ch. VI, § 12, p. 271. 

Fig. 3 gives the interesting parts of a curve of potential energy and the values of 
1/j* exp {VjkT). For the evaluation of the integral only the part of the potential curve 
near the maximum is important which simplifies the calculation quite appreciably 

Fig. 4 shows how the stability ratio W depends on the electrolyte concentration 
for two different values of the valency. 

Over a great pan of the graph there is a nearly linear relation between log W/^and 
logc, a relation that could be confirmed experimentally. (See chapter VIII. >5 5, p. 320). 

For large concentrations of electrolyte W becomes independent of c. \fJt have to 
do with rapid coagulation. That the stability ratio is somewhat smaller than 1 is to be 
explained by the presence of the London attraction which indeed accelerates the coagu¬ 
lation by about a factor 2. In the terminology of Smoluchwoski this means that the 


‘ Sec E. J. W. Vebwey and J. Th. G. Overbeek, Theory of the jro6i7itv of Ivovhobic colloids. 
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distance of interaction R is larger than twice the radius of the particle and for i4 = 1 to 
2 • 10-** we find about /? = 3 to 4 Ti 



Fig. 4. Stability ratio W as function of the concentration of electrolyte 

for 1-1 and 2-2 valent electrolytes. 


In § 1 we already mentioned Debye's * application of the theory of coagulation to a case of rate 
of reaction in ionic solution. As the reacting particles were supposed to be charged, an energy barrier, 
determined by the charge of the particles and the ionic strength impeded the reaction. 

The formalism used by Debye is completely analogous to the treatment given above. 

In the field of lyophobic colloids the theory of Fuchs was first applied by Der;aguin *. 


§ 4. RAPID COAGULATION OF ESSENTIALLY POLYDISPERSED 

SYSTEMS 

In a flocculating system containing particles of very different sizes it is observed 
that the smaller particles disappear much more quickly than the larger ones. * 

This effect has been explained by Muller * who used an extension of Smoluchow- 
SKi’s theory of coagulation. Without introducing any new assumptions the existence of 
the WiECNER effect may be understood qualitatively. In the coagulating sol collisions 
occur between small particles among themselves, between large and small particles and 
between large particles among themselves. As the complex of a small and a large particle 
is still a large one, collisions between small and large particles do not change the number 
of the large particles but they do decrease that of the small ones. Thus one gets the 
impression that the small particles are caught by the larger ones. 

In addition to this, Muller showed that the assumption that the collisions between 
particles of whatsoever size are equally probable as is expressed in eq. (22) is probably a 
bad approximation when the sol is strongly heterodispersed. 


* P. Debye, Trans. Elecirochem. Soc., 82 (1942) 265. 

* B. Defjaguin, Trans. Faraday Soc., 36 (1940) 203. 

® G. WiEGNER, KoUoid-Z., 8 (1911) 227; A. Galecki, Z. anorg. Chem..'lA (1912)174. 
^ H. MOlleb, KoHoid-Z.. 38 (1926) 1.; Kolloidchem. Beihefte, 26 (1928) 257. 
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In that case it will be better to retain the more accurate cq. (20) from which it 
follows that a collision between particles of different size is always more probable than 
that between particles of equal size. 

D,J ft; = D.r. (i + i) (r, + o) = £>. r. i + )'! > 40, r. (38) 

Ti rj/ ''O' ' O' I 

In Fig. 5 the value of Dij Rij which is proportional to the probability of collision 
between two particles with radii o and rj is plotted against the logarithm of the ratio 
o/o, thus showing clearly the enhanced probability of collision when o # rj. 



Fig. 5. Probabilityofcollisionbetwecnparticlesofdiffcrentsizes. 


Muller worked out the theory of rapid coagulation for the case of sols containing 
originally two kinds of particles of widely different dimensions. His basic assumptions 
are the same as those of Smolcchowski's theory except for the fact that the probability 
of collision between a small particle (or a complex of small particles) with a large one is 
taken proportional to (c/. cq. 38) 



# 

instead of to 4 D, r, 
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Fig. 6 shows how the number 
of small particles diminishes more 
rapidly by the presence of an equal 
number of large ones. 

The dotted curve gives the 
coagulation of the small particles 
should they alone be present. The 
curve in crosses (Vr = 1) gives the 
increase of coagulation velocity 
when an equal number of large 
particles is present but the collision 
probability is retained at 4 Z), ri. 
The drawn curves finally represent 
the cases for large particles of 
different sizes (10,20 and 100 times 
the diameter of the small particles) 
on introducing the collision factor 
(39). 

Extensive investigations of 
WiEGNER and Tuorila ‘ have con¬ 
firmed the theory outlined above. 



Fig. 6. Course of rapid coagulation of small particles in 
the presence of large ones 
n = number of small particles 

rio, No — number of small resp. large particles at / »= 0 
Vn = ratio of diameters of large and small particles 
T = t '7* Smot 


5} 5. RAPID COAGULATION OF SOLS WITH PARTICLES DEVIATING 

MARKEDLY FROM THE SPHERICAL FORM 

The theory of the coagulation of non-spherical particles (in the extreme cases rods 
or plates) demands a calculation of the probability of collision of these particles. 

According to § 1 this probability is proportional to the product of Dij the constant 
of mutual diffusion and R,j the distance of closest approach. Now for non-spherical 
particles both these quantities are dependent on the mutual orientation of the particles 
and a suitable mean value has to be formed. This problem has been treated by Muller*. 

We will not reproduce his whole reasoning, which after all contains a great number 
of approximations and neglections but try to make clear the principal result of it, which 
proves that the probability of collision is always larger than that between equal, or 
nearly equal spheres and, especially for rodlikc particles, may assume large values. 

As the particles are subject to rotatory BROWNian motion, the collision diameters 
will be of the order of the largest diameter of the particles. The diffusion constant, 
however, depends on a sort of mean diameter of the particle which, in the case of rods, 
may be considerably smaller than the length of the rod. Consequently anisodimensional 
particles have a relatively large collision diameter combined with a relatively large 

diffusion constant which results in a high probability of collision. 

Experiments of Wiegner and Marshall * on sols with rod-like particles (vanadium 

‘ G.'wieoner anJ P. Tuorila, Kolloid-Z., 38 (1926) 3; P. Tuorila, Koltoidchem. Beihefte, 22 
(1926) 191. 

- H. MqllePp Kolloidchem. Beihefte, 27 (1928) 223. 

^ G. WIEG.SER anJ C. E. Marshall, Z. physik. Chem., A 140 (1929) 1, 39. 
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pentoxide, benzopurpurin) showed indeed a probability of collision which had more 
than 50 times the normal value. 

§ 6. COAGULATION INFLUENCED BY SYSTEMATIC MOVEMENTS IN 
THE SOL (AGITATION, SEDIMENTATION OF THE PARTICLES) 

Everyone, who has ever carried out a coagulation, has seen that coagulation is 
promoted by agitation of the sol. The agitation which seems to have little or no influence 
in the first stages of coagulation, is very effective when the aggregation has already 
proceeded for some time. 

A much used method for determining the flocculation value depends upon this 
property. After addition of the required amount of electrolyte to the sol, the mixture 
is left standing for a specified time (for instance two hours). The sol becomes more and 



Fig. 7a. B«fore agitation 



iO GO 70 80 90 in mol KCI per Incr 

Fig. lb. After agitation 


Figs, la and lb. Flocculation of an As^Sj-sol with KCI. Note especially the pro¬ 
gress in flocculation after agitation in the tubes with 60 and 70 m mol KCI. 


















290 


KINETICS OF FLOCCULATION 


VII 


more turbid, and often part of the colloidal material separates in the form of flocks. 
Now the mixture is agitated and during agitation the turbidity is seen to condense in 
the form of big floes which easily sediment when the stirring is stopped, leaving a 
perfectly clear supernatant in a short time (some minutes to half an hour). 

Analogous accelerations of the coagulation have been reported as a consequence 
of sedimentation or centrifuging of the mixture 

A theory for these effects has already been given by Von Smoluchowski *. The 
theory has been extended by Tuorila ® and Muller 

We will mainly follow here Von Smoluchowski's and Tuorila’s treatment which, 
though less exact than Muller's methods, shows 
the principal facts very clearly and leads to results 
that are not much less accurate than Muller's. 

Imagine in the liquid a current which can be 
described at least locallyas a simple laminar current 
with a velocity gradient dufdz. Consider a certain 
particle in this current. As a consequence of the 
velocity gradient other particles will come so near 
to the central particle that they enter within its 
sphere of action and are caught by it. These col¬ 
lisions, caused by the movement of the liquid 
have to be added to the collisions caused by 
BROWNian motion and are the cause of the accele¬ 
ration of the coagulation. 

Let the radius of collision of the central 
particle, i, with a panicle, j, (of which there are 
supposed to be v per cm®) be given by Ri/. Then 
the probability of these collisions is (see Fig. 8) 



R. 


J= / 


du 

dz 


\r:j — 


dz. 


(40) 


—Ri 




Fig. 8. To illustrate the influence 
of a laminar current on the collision 
probability. 

= collision radius between par¬ 
ticles i and.f. 

X ^ direction of movement. 
z s direction of velocity gradient. 


du 


z — is the relative velocity of the liquid at the height z. 2 ^ — z* is the diameter of the sphere 

dz . 

of attraction at height z. So (40) just represents the number of particles; that enter within the sphere 
of attraction of one particle i during one second. 


The integration leads to 

du 


Z\$j 


J \ R.j-—z'^ ■2zdz = */,v (Rijy 


du 

dz 


(41) 


which has to be compared with the probability of normal BROWNian collision (c/. eq. 8) 

I = 4 n Dij Rij V 

' The influence of a sonic or an A. C. field is probably more complicated. Cf. J. J. Hermans, 
Rec. trav. chm.. 53 (1939) 139, 164, 725, 741. 

- M. Von Smoluchowski, Z. phy$ik. Chem.. 92 (1917) 155. 

® P. Tuorila, Kolhidchem. Beihe/te, 24 (1927) 1. 

' H. Muller, Kolloidchem. Beihe/te, 27 (1928) 223. 
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The ratio of the two collision probabilities is thus 


I 

I 



3 Dij 



The mutual diffusion constant A> may be put equaljo (taking account of (21)) 



4D,r, 

^0 


2kT 

3 - r, Rij 



Consequently /// becomes 



■r, {Ri,y du/dg 
2kT 


(44) 


and is seen to be strongly dependent upon the collision diameter of the particles. 

For du'da = 1 sec*'and a particle diameter of 10~* cm, the ratio ///is of the order 
of 10“’ and completely negligible but when the diameter of at least one of the particles 
is larger than 1 the ratio becomes larger than unity and for particles of 10 n the 
orthokinetic ‘ flocculation is far more important than the normal perikinetic flocculation. 

The enhanced flocculation velocity under the influence of agitation is thus seen 
to be present irrespective of the fact whether the system is monodispersed or poly- 
dispersed. 

In the case of sedimentation, an increase in the rate of flocculation depends on 
the difference in sedimentation velocity of different particles and is only present when 
the system is polydispersed. 

This case has been analysed by Muller A significant effect is only found when 
the radius of the sedimenting particles is larger than 

k- 


T > 


12 ^ 

-gd 


(45) 


id is the density of the particles) 

whereas the particles which are caught by the central one must be larger than 


r > 


1.2 kT 

T.gd 


(46) 


This means that in gold sols, at room temperature, the sedimentation effect is only 
present when at least some of the particles are larger than 0.7 [i, whereas the particles 
which are notably carried away are larger than 0.3 n. When the sedimentation is accele¬ 
rated by a centrifugal field of, e.g., 1000 g (radius 10 cm 3000 rev min) the effect is 
already present for particles of the order of magnitude of about 0.1 (x. 

Experiments on orthokinetic flocculation have been made by Freundlich and 
Basu ’ on copper oxide sols and by Tuorila * on gold sols, quartz and clay suspensions. 


‘ These terms have been introduced by Wiecneb (c/. Tuorila l.c.) for coagulation caused by 
systematic movements, in contrast to the usual mechanism of BnowNian inoiion alone. 

* H. Mullbf, Kolloidchem. Beihefie, 27 (1928) 223. In this paper the movements of the liquid 
zround a moving particle are taken more accurately into account than in the treatment of Tuorila 
(lx.) and Smoluckowski (l.c.). The results, however, are not materially changed. 

^ H. Freundlich and S. K. Basu, Z.physik. Chem., 115 (1925) 203. 

* P. Tuorila, Kolloidchem. Beihe/te, 24 (1927) 1, 27, 97. 
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In accordance with the theory orthokinetic flocculation presents an autocatalytic 
character. In the beginning when the particles are still small, the coagulation is peri- 
kinetic and its rate is slow. When a certain degree of aggregation has been reached 
orthokinetic coagulation comes into play and aggregation is accelerated very much. 

§ 7. DETERMINATIONS OF THE RATE OF COAGULATION BY 

COUNTING THE PARTICLES 

The most direct tests of the theories of the rate of flocculation are given by experi¬ 
ments in which the number of particles is counted ultramicroscopically (c/. chapter I 
and III). This type of experiment has been carried out by Zsigmondy by Westgren 
and Reitstotter * (Au-sols), by Kruyt and Van Arkel ® (Se-sols), by Lacks and 
Goldberg * (Au-sols), by Ehrinchaus and Wintgen ‘ (Au-sols in borax) and by 
Tuorila * (Au-sols). 

a. Rapid coagulation 

Smoluchowski's theory is usually tested on four points, viz., 

1. The flocculation should follow the course of a bimolecular reaction (eq. (25)); 

2. The time of coagulation T should be inversely proportional to the initial number 
of particles (27); 

3. The absolute value of the time of coagulation should be given by (27) if indeed 
the interaction makes itself only felt when the particles are practically in material 
contact. A quicker coagulation may point to an attraction of longer range as described 
in the preceding chapter; 

4. There should exist a region of concentrations of electrolyte where the floccula¬ 
tion is independent of this concentration (true rapid coagulation, all repulsion absent). 

Tables 1 and 2 show that a region of rapid coagulation does indeed exists. In this 
region the time of coagulation T is really independent of the stage of the coagulation, 
that means eq. (25) is verified. 

TABLE 1 

EXAMPLES OF RAPID COAGULATION ' 

Gold solr, 512 A 


! 

number of particles x 10^^ 

time of coagulation T 
(sec) 

I 

t (sec) j 

1 

observed i 

calculated 
with r = 79 

0 

20.20 

20.20 


30 

14.70 

14.40 

80 

60 

10.80 

11.19 

69 

120 

8.25 : 

7.74 

83 

240 

4.89 

4.78 

76 

480 1 

3.03 

2.71 

85 




mean 79 


‘ R. Zsigmondy, Z. phys. Chem., 92 (1917) 600. 

2 A. Westgren and J. Reitstotter, Z. phys. Chem., 92 (1917) 750. , „ .. .r 

® H. R. Kruyt and A. E. Van Arkel, Rec. trav. chim., 39 (1920) 656; 40 (1921) 169; Kolloid-Z., 


32 (1923) 29. 

* H. Lachs and S. Goldberg. Kolhid-Z., 31 (1922) 116. 

'■ A. Ehringhaos and R. Wintgen, Z. physik. Chem., 104 (1923) 301. 

e G. WiEGNER and P. Tuorila, Kolloid-Z-, 38 (1926) 3; P. Tvomla. Koiloidchem. Beihefte,22 (1920) 
191; 24 (1927) 1. 

■ p. Tuorila, Koiloidchem. Beihe/ie. 22 (1926) 191. 
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Kaolin suspension 



number of particles x 10~^ 

time of coagulation T 
(sec) 

t (sec) 

observed 

calculated 
with T = 330 

0 ' 

5.0 

5.0 


105 

3.90 

3.80 

372 

180 

3.18 

3.23 

314 

255 

2.92 

2.82 

358 

335 

2.52 

2.46 

335 

420 

2.00 

2.20 

280 

510 

1.92 

1.96 

318 

600 

1.75 

1.77 

323 

1020 

1.54 

1.22 

(452) 

2340 

1.15 

0.62 

(699) 


TABLE 2 

TIME OF FLOCCULATION IN ITS DEPENDENCE ON THE CONCENTRATION OF ELECTROLYTE ^ 

The rapid coagulations in bold type 
Se-sol 


Flocculating 

electrolyte 

Cone, of 
electrolyte 
m mol '.1 

Number of 
particles 
at r o 

Flocculation 
time, r in sec. 

KCl 

20 

33.5 • 10» 

10" 


30 

Ft 

6-10« 


40 

9P 

1.5 • 10« 

1 

50 

F« 

2 • 10* 

1 

60 


o 

J 

o 

1 

65 


360—3000 


1 80 

1 ,, 

19.S 


100 


20.3 


IRO , 

1 

1 

20.7 

BaCl* 

1 

1 2 

1 33-0 • 10» 

2 • 10' 


3 

9 9 

2.6 • 10* 


4 

99 

7000 


10 

99 

1700 


1 'iO 

9 t 

1000 


' 100 

* 9 

, 1100 


* H. R. Kbuyt and A. E. van Arkel, Rec. trav. chim., 39 (1920) 656; 40 (1921) 169; 

Kolloid-Z. 32 (1923) 29. 
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Table 3 shows that T is inversely proportional to Vo. 

TABLE 3* 


COAGULATION OF SE - SOLS OF DIFFERENT CONCENTRATIONS BY KCJ, 180 millimoIs/1 


Dilution 
of the sol 

time of 
observation 
in sec. 

number of 
particles, r 

1 

1 time of 

1 coagulation, T 

Mean T 

1 

Tv. 

1 : 1 

0 

32.2 • 10’ 

1 




7 

24.1 „ 

16.5 




15.0 

■ 19.9 „ 

24.7 




20.2 

16.7 „ 

21.8 

22.7 

7.1 • 10“ 


28.0 

14.2 „ 

1 22.0 




57 

10.1 „ 

25.4 




167 

4.3 „ 

25.6 




0 

16.0 • 

10’ 

1 


• 

7.4 

13.2 

ft 

! 35 



18.6 

10.2 

ft 

31.6 



42.5 

6.4 

tt 

' (28) 



125 

4.8 

tf 

1 52.7 

44.0 

7.0 • 10“ 

278 

2.6 

ft 

! 40.9 



592 

1 

1.5 

tf 

61.0 



0 

3.22 

■ 10’ 

1 

1 



32.4 

2.52 

ff 

116 



98.0 

1.44 

tf 

(79) 



288 

1.33 


200 



j 595 

0.98 


260 

214.2 

6.9 • 10“ 

908 

0.67 


260 



1190 

0.53 


230 




TABLE 4 


RADII OF INT ERACTION FOR DIFFERENT SOLS 


Sol 

1 

1 r, in A 

1 R.t^ 

1 Author 

1 

Au 

242 

3.12:2.63 

Zsigmondy * 

If 

960 

2.39 

Westcren and 
Reitstotter® 

ft 

29 

2.80—3.02 

Tuorila ’ 


54 

3.11 

tf 


320 

2.71 

tf 

t» 

498 

3.33 

ft 

tf 

516 

2.33 

ft 

ft 

598 

2.06 

ff 

Kaolin 

1 heterodispersed 

5.15 (beginning)- 
1.09 (end) 

tf 

Clay 

nearly isodispersed 

1.95; 2.05 

tf 

Clay 

« 

4.95—2 

If 


' H. R. Kruyt and A. E. van Arkel, Rec. trav. chim., 39 (1920) 656; KoUoid'Z-, 32 (1923) 29. 
® R. Zsigmondy, Z- physik. Chem., 92 (1918) 623. 

* A. Westcren and J. Reitstotter, Z. physik. Chem., 92 (1918) 750. 

' P. TvofilLA, Kolloidchem. Beihefte, 22 (1926) 191. 
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Table 4 gives some experimentally determined values of the radius of interaction 
R as compared with the radius of the primary particles for rapid coagulations. With 
a London-Van Der Waals constant of 1 or 2 • 10-'*, R is expected to be 3 or 4 r,. 
Experimentally the ratio R'r, is found between 2 and 3 showing that there is an attrac¬ 
tion with a range of about one particle radius though perhaps somewhat smaller than 

the calculated one. ... ,, ^ j u 

Also the influence of polydispersion and of agitation is quite well confirmed by 

experiments.' 

From this material, although not very extensive, we may conclude that Smoluchow- 
SKi’s theory describes the rapid coagulation satisfactorily. 


b. Slow coagulation 

In the case of slow coagulation the situation is less uniform. In some experiments 
(Table 5) Smoluchowski's idea of a uniform retardation of the coagulation as expressed 
by cq. (22) seems to hold rather well. 


TABLE 5 * 

SLOW FLOCCULATION OF Se-sol BY KCl, 50 millimols 1 


t 

time in hours 

10”^ x: number of ! 

particles per cm* | 

T 

in hours 

0 

33.5 


0.25 

32.3 


22.5 

28.6 

(131) 

42.5 

19.1 

55 

67.5 

' 14.6 

, 52 

187.5 

i 7-5 

54 

239 

1 7.5 

1 68 

335 

4.7 

55 

1008 

1 1.46 

1 48 

1 


mean 

‘ 55 hours 


' Time of rapid coagulation 

20 seconds 


TABLE 6* 


SLOW FLOCCULATION OF Se-sol. Particles of 52 [x. Coagulated by KCl, 59 m mols 1. Sol of 29.7 • 10' 

particles per cm*. 


f 

lO"' X number of 

T 

time in hours 

1 

particles per cm* 

in hours 

0 

29.70 

1 

1 

0.66 

20.90 

; 1-5 

4.25 

19.10 

7.6 

19 

14.40 

1 18 

43 

10.70 

24 

73 

7.70 

25 

167 

6.45 

46 


‘ P. TvOPtt*.. Kolloidchem. Beihefte, 22 (1926) 191. 

* H. R. Kbuyt and A. E. van Afkel, Rec. trav. chm.. 39 (1920) Kolloid-Z-, 32 (1923) 29. 
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In other cases, however, the coagulation does not follow Smoluchowski’s equation. 
In the course of the coagulation the rate slows down more and more and may even lead 
to a fairly stable system not coarsening any further. Tables 6 and 7. 


TABLE 7* 

Gold sol. Particles of r, = 120 m ( 2 . 

Coagulated by NaCl, 4.8 millimols per litre. Sol of 4.35 • 10’ particles per cm*. 


t 

time in hours 

1 

10“ * X number of 
particles per cm^ 

T 

in hours 

1 

0 

4.35 


0.5 

4.01 

59 

1 

3.74 

61 

2 

3.32 

65 

3 

3.28 

94? 

5 

3.33 

160? 

9 ! 

3.35 

300? 

28 1 

3.20 

670? 


Coagulation seems to have stopped after 2 hours. 

This behaviour may very well be explained by the application of the ideas in slow 
coagulation described in § 3. In slow coagulation a certain potential barrier is left and 
the height of this barrier will be the larger, the larger the particles. 

Consequently the factor W by which the coagulation is slowed down as compared 
with rapid coagulation, is not constant but increases as the particles grow during coagu¬ 
lation and finally the barrier may become so high as to prevent any further agglomera¬ 
tion. 

It is impossible to work out this idea quantitatively-because the agglomerates will 
have a very complicated form so that exact calculations on the energy of interaction arc 
not feasible. 

As to the influence of factors like the surface potential, concentration of electrolyte, 
specific properties of the sol, they will be discussed in the next chapter. 

8. DETERMINATIONS OF THE RATE OF COAGULATION BY 
MEASUREMENT OF TYNDALL LIGHT AND EXTINCTION 

As the counting of colloidal particles is a very time-consuming business, researches 
on coagulation are usually performed with other methods. Among these, optical methods, 
I'fc., measurements of Tyndall scattering or light absorption, are the most frequently 
used. Indeed, also the usual visual determination of the flocculation value depends upon 
a certain specified degree of turbidity remaining in the sol after a specified time. 

The basis for these optical methods is found in Rayleigh’s law (c/. chapter III) 
wliich states that the Tyndall scattering is proportional to the square of the volume of 
t he particles. Therefore, although the number of particles decreases during flocculation. 


' A. Wrsxr.nE.s. AtkivKemi Mineral. Ceol., 7 (1918) nr. 6. 
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the total scattering increases. Of course, this law of Rayleigh needs to be modified 
when the sol particles arc coloured and when they are not very small, but even after 
these modifications the fact remains that the coagulated system has a light scattering 
and light absorption different from those of the original system. 

The theory of extinction methods has been well described by Troelstra *. As a 
very simple example we shall treat the case of a white sol (in which light is scattered but 
not absorbed) and where the particles arc so small that Rayleigh’s law holds accurately. 
Moreover we assume that the multiple particles formed during the coagulation scatter 
as much as a massive spherical particle of the same weight. 

Starting with an isodispersed sol with no particles, each of volume Vi, the scattered 
light will be given by (sec chapter III) 

In = I^K- ( 47 ) 

After a certain time t, the number of primary, secondary and other multiple par¬ 
ticles will be described by the theory of Von Smoluchowski, that is by the eq. (26). 

The light scattering is now given by 

<x> « 

In=I^K n i Vi' = 4K Pi* ^ 

i - 1 1=1 

When the values of ni from eq. (26) arc introduced in (48) we find 



in which % = -= 

^ T i 

The sum Si* a*"* can be calculated by transforming 






CD OD 

2 - 2 


j -1 


i -1 






which means that the scattered light increases linearly with time and is three times the 
original value after the time of coagulation T. 

* S. A. Troelstra, Thesis, Ucrechi 1941; S. A. Troelstra and H. R. Kruyt, Kolloid-Beihe/tc, 54 
(1943)225. 
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Usually it has been found easier to measure the extinction E than the amount of 
scattered light. The extinction E is defined as In IJI in which I is the intensity of the 
transmitted light, /o that of the incident light. When there is no consumptive absorption 
and multiple scattering is avoided by using small scatterings, the extinction is given by 

E = 1 (51) 


in which d is the length of the light path in the sol. 

Troelstra showed that even when there is a certain consumptive absorption and 
when the sol is not monodispersed but polydispersed, it may nevertheless be expected 
that the extinction is a linear function of time given in general by 


E = const. 1 - 


a t 


(52) 


where a is a constant of the order of mag¬ 
nitude of 2 or 3. 

Practically, however, the extinction 
curve is not straight but concave to the time- 
axis (see Fig. 9 '). For a coagulation which 
has proceeded very far this was to be expec¬ 
ted on account of the restricted validity of 
Rayleigh's law. But even at the start of 
flocculation the increase of extinction is 
much smaller than expected from eq. (51). 
This must be attributed to the fact that 
agglomerates of particles scatter much less 
than a massive particle of the same weight, 
and thus extinction measurements allow us 
some insight into the structure of the ag¬ 
glomerates. 

A typical case is given in Fig. 10 for the 
flocculation of Agl-sol with KNO3. The 
abscissa gives the concentration of KNO3. 
The time during which the coagulation has 
proceeded is introduced as a parameter. 
For concentrations below 150 mmol 1 the 
coagulation is clearly accelerated by increas¬ 
ing amountsof electrolyte. Itseemshowever, 
as if for concentrations of the order of 250 m 
mol 1 a decrease of the rate of coagulation 
is found. Now this is completely contrary 
to all other experimental evidence and the 



Fig. 9. Extinction-time curves for a silver 
iodide sol (0.4 m mol litre) flocculated with 
KNOj. The concentration of KNOj in 
m mol,litre is indicated beside the curves. 


conclusion from Fig. 10 must be that at 

-some seconds!) 
found at smaller 

concentrations. 


very high KNO;, concentrations the flocculation though very rapid (T • 
gives rise to agglomerates that scatter the light less than agglomerates 


‘ This figure and the following ones arc taken from S. A. Thoelstba, Thesis, Utrecht 1941; S.A. 
Thoelstra and H. R. Kbuyt, KoUoid. Beihe/te, 54 (1943) 225. 
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The physical interpretation given by Troelstra is that the floes are relatively 
dense, resembling more the highly scattering Rayleigh particles, when the repulsive 
action of the double layer is not completely discarded. 

When the repulsion is completely absent, the floes are very irregular, rather loose 



Fig. 10. Extinction-concentration curves for different times of 
flocculation (Agl sol with KNOj). The low extinction at high 
concentrations corresponds to a loose floccule. 


and scatter little light. Fig. 11 shows that the maximal extinction after 5 minutes is much 
larger for monovalent cations than for polyvalent ions which can be explained in the 
same way. The floes formed by coagulation with polyvalent ions are always less dense 
than those formed by monovalent ions. In the same way a coagulum formed after a com¬ 
plete discharging of the surface by addition of potential-determining ions has a very 
low density. 

In the very rapid coagulations, the primary particles are connected in the com¬ 
pletely haphazard way in which they first touched each other. If there is just a little 
repulsion left, rearrangements in the positions are still possible which will be expected 
to lead to a lower energy, better contact and thus a denser structure. The polyvalent 
ions seem to act as cementing centres, preventing this type of stabilization. 

The increase of turbidity although simple is not the only optical meansof follow¬ 
ing coagulation. Several sols show a distinct change in colour during coagulation. The 
best known example is the gold sol which from red in the stable state turns blue during 
coagulation. (Congorubin shows an analogous effect). ” 
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The change of colour can be explained by the theory of Mre (c/. chapter III) and 
is due fundamentally to a much larger real consumptive absorption than that of the 
white or weakly coloured sols. 

Because for a normal gold sol this change of colour is produced in a short time 



Fig. 11. Extinction after 5 minutes of Agl sols flocculated 
with nitrates of different metals. The Aoccules with'polyvalent 

ions are of the "loose” type. 


(5 minutes) coagulation experiments with colloidal gold have received much attention. 
An accurate estimation of a coagulation value is possible here because the change of 
colour is rather abrupt at a certain stage of coagulation and can be clearly distinguished 
without waiting for the sedimentation, which takes hours, as is often necessary in other 
systems. 

§ 9. COARSENING AND DESORPTION DURING COAGULATION 

A phenomenon which takes place in many sols and during which the number of 
particles decreases and the light absorption increases is coarsening or recrystallization. 
It is necessary to distinguish it quite clearly from the coagulation treated in the fore¬ 
going sections. 

A sol is, as has already been pointed out in chapter I, never a stable system in the 
thermodynamical sense, because the large interface of sol particles and dispersion me¬ 
dium are a source of surface free energy. This free energy tends to a minimum which 
can only be reached by replacing the many small particles by a few (in the limit a single) 
large ones. By coagulation this aim is not accomplished because in the coagulumthe 
particles retain a certain independence. Only small parts of the surface (if any) are 
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The total surface, however, can be decreased by recrystallization, a phenomenon 
which of course is more pronounced the higher the solubility of the colloid. So with 
metal sols this form of coarsening is very weak but in silver-chloride sols it is so pro¬ 
nounced that AgCl sols (solubility product 10“*®) cannot be preserved for a very 
long time. 

Silver-bromide (solubility product 10“’*) still coarsens rather rapidly at slightly 
elevated temperatures, an effect which is put to great use in the photographic industry. 
In silver iodide (solubility product 10“**) the coarsening is still slower and these sols 
age only very slowly, though measurably. 

Recrystallization and other ageing phenomena have been extensively studied by 
Kolthoff *. He draws attention to the fact that in a coagulum (precipitate) different 
particles may become cemented together by bridges, which in the long run may even 
result in the complete unification of the particles. As soon as those bridges have been 
formed, the coagulum of course is completely irrepeptizable. 

Many sulphide sols for instance when freshly flocculated, give a rather voluminous 
jelly coagulum. If left to themselves for a few hours or days the coagulum shrinks very 
much and assumes a more sandy aspect. 

This change in volume will probally be due to the cementing together of the 
particles as for these often very insoluble sulphides, recrystallization will be expected 
to be very slow. 

The coarsening, in itself difficult to measure, is often accompanied by a decrease 
of the adsorption. In the case of silver iodide the decrease of adsorption of the potential- 
determining ion has been used to determine the zero point of charge (c/. chapter IV, 
§ 6a, p. 160). 

In experiments of Freundlich * on the coarsening of HgS after it had been coagu¬ 
lated with a dye-stuff like new fuchsin, the desorption of the flocculating ion was very 
marked. The sol of HgS could be flocculated by new fuchsin in such quantities that 
the supernatant liquid remained practically uncoloured (equivalent flocculation). 

After some time the surface of the precipitate decreased, the dyestuff ion returned 
to the liquid phase and the supernatant liquid became distinctly coloured ®. 

P. Stoll * could establish a coarsening of flocculated gold by X-ray measurements. 
In the sol and the fresh coagulum the X-ray diffraction lines are broadened because the 
particles are so very small. After coagulation the lines become sharper. 


* See e. g., I. M. Kolthoff, Proc. Koninkl. Nederland Akad. V/elenschap, 40 (1937) 82; Chem. 
ITeeAd/ad, 29 (1932) 362; 3! (1934) 526, and a long series of papers "Sludies on aging and formation 
of precipitatti" in J. Am. Chem. Soc., and J. phys. Chem., started in 1934, I. M. Kolthoff and Ch. 
RosENBLUM.y. Am. Chem. Soc., 56 (1934) 1264. 

* H. Freundlich and H. Schucht, Z. phys. Chem., 85 (1913) 660; H. Freundlich and E. Hase, 
Z. phys. Chem., 89 (1915) 417. 

* Many examples of the adsorption method to determine the surface of a precipitate are given by 
Kolthoff. l.c. 

* P. Stoll, Arch. sci. phys. el nat., (5) 3 (1921) 547. 



VIII. STABILITY OF HYDROPHOBIC COLLOIDS AND EMULSIONS*) 

J. Th. G. Overbeek 

Van 't Hoff Laboratory, University of Utrecht 


§ 1. HISTORICAL 

The most striking facts to be explained by a theory on the stability of hydrophobic 
colloids are the valency rule of Schulze and Hardy (see chapter II, § 5 c. 1, p. 81) 
and a certain relation between the stability and the ^-potential. Hardy * already 
observed that a sol flocculates when it is nearly "isoelectric" with its surroundings, 
that IS when the ^-potential is reduced to zero. Later investigations by Powis ® 
introduced the concept of a critical ^-potential below which a sol flocculates and 
above which it is stable. This critical potential was found to be about 25-30 milli-volts. 
The extension of the experimental material on one hand, and the criticisms rised against 
the interpretation of electrophoresis measurements (see chapter V, §6b, p. 210) on the 
other, made the existence of a critical potential doubtful. Other quantities, connected 
with the electrolytic character of hydrophobic systems, have been proposed as govern¬ 
ing the stability. Of these we mention the function C*,'x introduced by Eilers and 
Kobff * and the activity coefficient fa introduced by Wo. Ostwald ®. In the theory of 
Verwey and Overbeek which will be set out in the next sections, the role of the C-poten- 
tial is less conspicuous although the electrical double layer remains of fundamental 
importance. 

Bredig * was the first to explain the stabilizing action of the double layer. He 
ascribed the tendency to flocculation to the surface tension of the particles and sugges¬ 
ted that the charge of the particles diminishes this surface tension and thus decreases 
ihe tendency to flocculation. 

The same explanation has been put forward in greater detail by Perrin ’’ and more 
recently by Rice ■*. Although these authors were on the right track in connecting the 
stability of a sol with the negative free surface energy of the double layer, they applied 
this principle in an incorrect way. They calculated a certain degree of dispersion for 
which the normal positive free energy of the interface and the negative free energy of 
the double layer just equilibrate each other. This would mean that a colloidal suspension 


• The contents of this chapter have been extensively discussed between the author and G. H. 
JONKER, S, A. Tboelstba, and E. J. W. Verwey of the Philips’ Research Laboratories, Eindhoven. 

- W. D. Hardy, Z. physik. Chem., 33 (1900) 385. 

® F. Powis, Z. physik. Chem., 89 (1915) 186. 

• H. Eilers and J. Kohff, Chem. Weekblad, 33 (1936) 358; Trans. Faraday Soc., 36 (1940) 229. 
■ Wo. Ostwald, Kolloid-Z., 73 (1935) 320, and many subsequent papers. 

’■ G. Bredig, Anorganische Fermenie, Leipzig 1901, p. 15. 

• J. Perrin,/, chim.phys., 3 (1905) 50. 

' O. K. Rice,/. Phys. Chem., 30 (1926) 189, 1660. 



POTENTIAL CURVES 


303 


§ 2 


could be stable in the thermodynamic sense, and for instance would not be subject to 
“coarsening” (See chapter VII, § 9, p. 300). 

As far as we know no hydrophobic system is ever stable in this strict sense. There¬ 
fore this theory is not applicable to practical cases, as was already rightly recognized by 
March ‘. 

This author, starting from the same assumptions as Perrin, came to the correct 
conclusion that the free energy of the double layer and the entropy of the free particles 
(which also counteracts flocculation) together are still much too small to explain stabi¬ 
lity in a thermodynamical sense. To explain stability against coagulation he assumed 
therefore some unknown force, connected with solvation which should cause a repul¬ 
sion between colloidal particles and thus prevent coagulation. 

Gyemant ^ and Lewis ^ also considered the possibility of a stability of colloids as a consequence of 
the interplay of surface tension and charge but in their theories the free energy of the double layer is 
taken as positive and therefore these authors can only explain stability by additional rather special as¬ 
sumptions about the charge. 

It can be shown, however, that although the free energy of the double layer is not sufficiently 
large to entail stability in the thermodynamical sense, it is more than strong enough to give rise to a 
dynamical stability, due to a potential barrier between two particles, much larger than the energy of 
BROWNian motion. 

Several theories have been put forward to explain the influence of electrolytes on 
the stability. Of these the chemical theory, proposed among others by Duclaux * and 
by Pauli * considers flocculation as the formation of an insoluble salt or in a modified 
form as the formation of a non-ionized compound in the double layer. This theory, 
however, is difficult to reconcile with the comparatively great lack of specificity in 
flocculation values. 

A more physical explanation, given by Freundlich • and based upon the difference 
in adsorbability of the flocculating ions has been distinctly refuted by experimental 
evidence ’. Both these theories considered a discharge of the double layer as the cause 
of flocculation. 

On the basis of the theory of the diffuse double layer it is possible to show that 
already a compression of the double layer by electrolytes is sufficient to explain loss 
of stability. It may be remarked that in order to explain certain specific effects in 
flocculation it is necessary to extend the double layer theory by some modification such 
as Stern's theory (c/. chapter VI, § 8, p. 263) which in essence is a partial return to 
elements of the chemical theories and the adsorption theory of Freuntjuch. 

§ 2. STABILITY AND FLOCCULATION EXPLAINED BY POTENTIAL 

CURVES. RULE OF SCHULZE AND HARDY 

Potential curves, as treated in chapter VI, § 12, p. 271, describing the energy of 
interaction between two colloidal particles, can explain various aspects of hydrophobic 

' A. March, Kolloid-Z., 45 (1928) 97. 

’ A. Gyemant, Grundziige der Kolloidphysik, Braunschweig, Sammlung Viewee (1925)' Z Phvstk 
36 (1926)457. - 

^ W. C. M. Lewis, Trans. Faraday Soc., 28 (1932) 597. 

* J. Duclaux, Les co//oi*f, 3rd ed., Pans 1925, p. 240. 

' W. Pwu, Naturwissenscha/ten, 12 (1924) 421, 548. 

* H. Freundlich, Z. phystk. Chem., 73 (1910) 385. 

' H. Freundlich, K. Joachimsohn, and G. Ettisch, Z-pA>'SiA. CAem., A141 (1929) 249; E. l.W 
Verwey and H. R. Kruyt, Z. physik. Chem., A 167 (1934) 312. 
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stability, as has been indicated first by De Boer ■ and Hamaker * and later in more detail 

by Verwey and Ovefbeek When a potential barrier of sufficient height is present, the 

corresponding sol will be stable whereas in the absence of a barrier the attraction will 

prevail, leading to rapid coagulation. The transition between stable and flocculated 

systems can be represented by a potential curve of 

the type sketched in Fig, 1, where the energy of tn^rgy 

interaction is just negative or zero for all distances. 

The form of the potential curve depends on the '' - dutune* 

values of the surface potential dielectric / 
constant e, valency z and concentration of ions c, / 
temperature T, Van Der Waals constant A and 
dimensions of the particles (for instance their / 

restricted to Fig. 1. Type of potential cerve forming 

aqueous solutions at room temperature which fixes the transition between flocculated and 

s and T, and when the particles are assumed to be stable systems, 

comparatively large and flat faced, so that they 

may be approximated as flat plates, this limit of stability can be described as a function 
o* Vr 3nd c, using z and A as parameters. 

Fig. 2, derived from Figs. 19-23 of chapter VI. p. 273, shows curves for a few 
chosen values of >1 and z, separating the regions of stability (top left, high <1; and small 
c) and flocculation (bottom right, low Vo and large c). 

It is immediately clear from this figure that the rule of Schulze and Hardy is 
satisfactorily explained. E.g., for = 100 mV and v4 = 2 • 10'>^ the flocculation 


Fig. 1. Type of potential curve forming 
the transition between flocculated and 
stable systems. 



-- 


Fig. 2. Conditions of limiting stability (flocculation values) for two values 
of the London-Van Der Waals consunt/land the valcnciesj = l, j= 2 and 
^—3. Left and top = stable, right and bottom = unstable. 


values for mono-, di- and tri-valent electrolytes are 50,2and0.2millimol/l respectively. 
The values of and A arc within the range of expectations. 

Now usually the flocculation values determined experimentally are not really rapid 

* J. H. DE Boer, Trans. Faraday Soc., 32 (1936) 21. 

2 H. C. Hamaker, Rec. trav. chim., 55 (1936) 1015; C/iem. Weekblad, 35 (1938) 47. 

® E. J. W. Verwey and J. Th. G. Overbeek, Theory of the stability oj lyophobic colloids, Amster¬ 
dam 1948; Trans. Faraday Soc., 42B (1946) 117; E. J.-W. Vtnwiv, Philips Research Repis. 1 (1945) 
Phys.Cf Colloid Chem., 51 (1947) 631. ^ 
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Fig. 3. Flocculation values for a flocculation retarded by a 

factorlO (»^= 10). 


flocculations, but slow floc¬ 
culations with a time of floc¬ 
culation depending upon the 
stability criterion chosen 
(usually between 5 min and 
several hours). This does not 
affect the given explanation as 
the curves for small potential 
barriers differ only slightly from 
those of Fig. 2. 

As the absolute value of 
the energy of interaction dep¬ 
ends strongly of course upon 
the dimensions of the particles, 
a potential barrier can only 
be introduced into the cal¬ 
culations when at the same 
time the dimensions of the par¬ 
ticles are fixed. Figs. 3 and 4 
have been constructed for 
spherical particles of radius 
100 A or 1000 A. They show 


that a retardation of the floc¬ 
culation by a factor 10 or even 10* does not alter the curves materially. Only for 
small particles (<z = 10~* and smaller) where an energy-barrier of given height is 
more difficult to attain, is a tendency to smaller stability present. 

An analytical expression 
for the rule of Schulze 
Hardy can be derived by i ~r~ 

combining the approximate a. 2 * 10 "* 

expression f24) o. 256 fr^m Vmto* 


combining the approximate 
expression (24) p. 256 from 
cliapter VI for the repulsion 
between flat plates with eq. (37) 
p. 267 from chapter VI for the 
attraction. A potential curve of 
the type of Fig. 1 satisfies the 

conditions V=0 and = 0 

da 

for the same value of d. 


V = 


64 n k T — 2 y.d 

- Y*€ 

X 

A 

48 Ttd* 


The symbols used are the 
same as in chapter VI. 



COftC 

Fig. 4. As Fig. 3 but retardation factor 10* (ll^= 10'). 
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From V = ^ ^/d d = 0 it follows that 


_ 2 “ 3 ^ 1 

TT exp (4) e* 2 * 

which for T = 298' and e = 78.55 leads to a flocculation value c in millimols/1 of 


c = 8.10“ 


Y 

millimols/liter 


When the surface potential is sufficiently high y, is near unity and independent 
of the valency. 

So the flocculation values of mono-, di- and tri-valent ions are in the ratio 

1 : ih)* • Wot 100 : 1.6 : 0.13 (4) 

in good agreement with experimental evidence (see § 3). 


§ 3. FIRST COMPARISON OF THE THEORY WITH EXPERIMENTS 

Although there exists an extremely large experimental material on flocculation of 
hydrophobic colloids by electrolytes, a rigorous test of the theory treated in the fore¬ 
going pages is not possible. 

In the first place, the Van Der Waals constant A has never been determined in 
an independent way ’. Our knowledge of this quantity is restricted to theoretical evalua¬ 
tions from which at best an order of magnitude of A 10~“ may be deduced. 

Moreover the exact circumstances of flocculation experiments are usually not 
known well enough. The surface potential is either not determined or is evaluated from 
electrophoresis which is usually not reliable for the reasons given in chapter V. In the 
few cases where the surface potential is known from electrochemical investigations 
(Agl see chapter IV) it is doubtful whether it iridentical with the potential in the 
diffuse part of the double layer. We may claim with certainty that the potential is at 
least 30 mV (critical potential-according to the old theories), but probably much higher 
and of the order of 100 mV. 

The flocculation concentration itself may differ seriously from the gross concen¬ 
tration as a consequence of ionic exchange especially when the flocculation value is 
low (see § 6). 

The flocculation values are usually determined for a certain slow flocculation, but 
it is not known by what factor this flocculation is slower than the ideal rapid one. 

Finally the sols on which experiments have been made are mostly/ar/rom isodisper- 
sed and often even the average diameter of the particles is unknown. 

In this situation the best thing to do is to see whether the experiments are not 
grossly at variance with the theory. 

In this section we shall especially pay attention to the rule of Schulze and Hardy 

‘ One might cite here the experiments of R. S. Bradley, Phil. Mag., 13 (1932) 853, and of Lord 
Ravleich, Proc. Roy.Soc. London, A 156 (1936) 326, A 160 (1937) 507, who have determined the force 
necessary to tear two pieces of glass or quartz apart, against the Van Der Waals attraction. The 
difficulty in the interpretation is however that this force is strongly dependent upon the distance of 
closest approach of the two faces and this distance is difficult to estimate. Recently J. Th. G. Ovebbeek 
and M. J. Sparnaay have determined the Van Der Waals attraction between glass or quartz 
plates at distances of the order of I li. Proc. Koninkl. Nederland. Akad. Weienschap. B 54 (1951) 387. 
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TABLE 1 


FLOCCULATION VALUES IN MILLIMOLS/LITRE FOR NEGATIVELY CHARGED SOLS 


Electrolyte 

Ac Q crt|i mean 

AS, 5>3 sol 

Au-sol* 

value 


LiCl 

58 

1 


LiNOa 


1 

165 

NaCl 

51 

24 


NaNO, 



140 

KCl 

49.5 



KNO, 

so 55 

25 24 

136 142 

) K,SO^ 

63.5 

23 


RbNO, 



126 

K*aceute 

no 



HCl 

31 

5.5 1 


Ag NOa 

_ 


0.01 

Morphine chloride 

0.42 

0.54 


New fuchsin 

0.11 

0.002 


Mg Cl. 

0.72 



Mg(N6a), 



2.60 

Mg SO, 

0.81 



Ca Cl.. 

0.63 

0.41 


Ca(NO,). 



2.40 

Sr Cl. 

0.633 0.69 

— 0.38 

— 2.43 

Sr(NO-). 1 

— 

1 

2.38 

BaCl. ■ I 

0.69 

0.35 


Ba(Nba). 



2.26 

Zn Cl. 

0 . 68 S 



Zn(Nb,). 



2.30 

UO,(NOa'), 

0.64 

2.8 

3.15 

Cu SO, 


0.015 


Pb(N 03 ), 


0.002 

2.43 

Quinine sulphate 

0,24 



Benzidine nitrate 

0.09 

— 


A1 Cl, 

0.093 



Al(NO,)a 

0.093 


0.067 

’.AMSO.)a 

0.096 0.091 

0.009 0.006 

— 0.068 

La(NOa)a 



0.069 

Ce(NOa)a 

0.080 

0.003 

0.069 

Th(NO,), 

0.090 0.090 

, 0.0009 0.0009 

1 

0.013 0.013 


‘ H. Pt*£VNDLicn, Z.physik. C/ifffi.,44 <1903) 129; 73 (1910) 385. 

H. Fbeundlich jnd G. Von Elissafoff, ibidem. 79 (1912) 385; H. Moravitz, Koiloidchem. 
Bethefie. 1 (1910) 301. 

* H.R. KBUYTand M. A. M. Klompi . KoUoid.-Beihefie. 54 (1942) 484. 
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and we shall reaUze that the ratio 1 : (l/2)» : (l/3)‘ etc. is an extreme case. Different 
deviations from the ideal case will tend to make the ratio smaller. Adsorption of electro- 
lyte will be more pronounced the higher the valency. A relatively low K-potential will 
lower the ratio; in the most extreme case, when the approximation of Debye and 
HiicKEL holds well, even to 1 : (1/2)* : (1/3)* etc. 


Indeed if eq.(3) is developed for the case of small potentials one finds 


c =* 8.10-** 

/l*j» 



8 . 10 -** 
A* z* 



8.10-** c* <>>* 

256 A^k*T* ' j* 


8 X 10-» 


A* a* 


where is expressed in millivolts and c in raillimols per litre. 


The influence of particle radius and flocculation velocity on the Schulze-Hardy 
rule is not very pronounced (c/. Figs. 3 and 4). 

Table 1 gives examples of flocculation values for three different negatively charged 

sols. 

Considering the values for one valency, they fall distinctly into two classes. The 
simple inorganic cations show about the same flocculation values, organic ions, hydro¬ 
gen ions and some ions of heavy metals fall outside the range. For each valency the 
normal values” have been printed in bold type and their mean value is mentioned in a 
separate column. 

Table 2 gives these mean flocculation values, their ratio and for comparison the 
ratio of the inverse sixth powers of the valency. 


table 2 


MEAN FLOCCULATION VALUES OF NEGATIVE SOLS 



AsjS^ 1 
mean 
floccu¬ 
lation 
value I 

ratio 

Au 

mean 
floccu¬ 
lation 1 
value ^ 

1 1 

ratio 

Agl 

mean 

floccu¬ 

lation 

value 

1 ratio 

i 

1 

theoretical 
value (z-®) 

Monova¬ 

lent 

55 

1 

1 

1 

24 

1 

1 

142 1 

f 

1 

, 1 

1 

divalent 

0.69 

0.013 1 

0.38 

0.016 

2.43 

' 0.017 

0.016 

trivalent 

0.091 

0.0017 

0.006 

0.0003 

0.068 

0.0005 

0.0013 

tetravalent 

1 

1 

0.090 

0.0017 1 

0.0009 

0.00004 ^ 

0.013 

0.0001 

0.00024 


For mono- and di-valent ions the accordance is very good; for the polyvalent ions 
less good but the order of magnitude is still right. 
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For positive sols the material is less abundant but is again in good accord with the 
theory as is demonstrated by Tables 3 and 4. 

TABLE 3 


FLOCCULATION VALUES in millimols/litre for positively charged sols 


Electrolyte 

Fe^Os-sol ^ mean value 

AI 2 O 3 -S 0 I ^ mean value 

NaCl 

9.25 

43.5 

KCl 

9.0 

46 

NH4CI 


43.5 

i Ba Cl. 

9.65 


KBr 

12.5 11.8 

— 52 

KI 

16 

— 

KCNS 


67 

KNO, 

12 

60 

i Ba(NO,), 

14 


HCl 

> 400 


J Ba (OH)i 

0.42 


Na picraie 


! 

K,SO. 

1 

0.205 

0.30 

ThSO, 

0.22 

1 — 

Mg SO, 

0.22 0.21 

1 _ 0.63 

K.Cr 0, 


1 0.95 

ICCr.O, 

0.195 

0.63 

K, oxalate 


0.69 

H,SO, 

--0.5 


K)Fe(CN), 



K,F«(CN), 

— 

0.053 0.053 


TABLE 4 


MEAN FLOCCULATION VALUES OF POSITIVE SOLS 



Fep, 

ratio 

1 

AiP, 

1 

ratio 

chcoreiical 

monovalent 

11.8 

1.00 

52 

1.00 

1.00 

(livalent 

0.21 

0.018 

0.63 

0.012 

0.016 

Jrivalent 

1 

1 

0.080 

0.0015 1 

0.0013 

tetravalent 


1 

0.053 1 

0.0010 1 

1 

0.00024 


Another consequence of the theory whicli is rcl.itively easily tested is tlie depen¬ 
dence of the flocculation value on the surface potential. For low potentials the stability 


‘ H. Freundlich, Z. phyuk. Chem., 44 (1903) 151. 
* N. IsHiZAKA, Z. phyuk. Chem., 83 (1913) 97. 
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n ^ of electrolyte as is demonstrated very clearly 

m all those cases where the charge of the colloidal particles may be reversed (forLstance 
many o^des by OH ions, silver halides by silver or halide ions etc.). When, however 
the surface potential is high, the flocculation value should not depend very much on 
the exact value of the potential. This is already shown by the fact that colloids of very 
different origin have nearly the same flocculation value. But it is better demonstrated 
by the slight dependence of the flocculation value upon the content of potential-deter¬ 
mining ions as for instance from Miss Klomp^'s ^ data for Agl. 


9 n I 


FLOCCULATION VALUES AS A FUNCTION OF SURFACE POTENTIAL 

Sv fact^cT- -"ro-" W-kT"' To-' double layer potential 240, 300, 360 


Flocculation values in m mol 1 


double layer 

KNO^ 


1 

potential ^ 

Ba(NOj), 

1 

La(N03)3 

240 mV 

300 mV 

360 mV 

* 84 

90 

100 

r 

2.58 

2.28 

2.28 

0.084 

0.072 

0.066 


Although the dependence upon the surface potential is slight, it is present. But 
only in the case of KNO3 is it in the expected direction (more easy flocculation for 
lower potential^ whereas m the case of di- and tri-valem ions the most highly charged 
sol IS most easily flocculated. The explanation may be that the polyvalent ions act to 
a certain extent as cementing centres between colloidal particles * and that this effect 
IS more pronounced the higher the charge or the surface potential of the particles 


§ 4. SPECIFIC EFFECTS OF FLOCCULATING IONS 

In order to draw the reader’s whole attention to the very typical effects of the 
valency of the counter ions, all specific effects of the ions on the stability have been 
neglected in the preceding section. It is however immediately clear from Tables 1 and 3 
that, apart from the valency, the specific nature of the added salts has a certain influence 
on the flocculation value. 


a. Specific effects of counter-ions 

The simple theory of the diffuse double layer presents no starting point for the 
treatment of specific influences of the ions, these being treated as point-charges. Only 
after the introduction of a refinement like Stern’s theory (Ch. IV, § 4d, p. 132 and Ch. 
VI. § 8, p. 263) can specific effects be explained. In this theory a specific adsorption 
potential is introduced and the dimensions of the ions are accounted for by the thickness 
of the molecular condenser (or by its finite capacity). 

‘ H. R. Kruyt and M. A. M. Klomp£, /.c. 

• An analogous effect has been found in the turbidity of flocculating sols. See chanter VII 5 8 
p. 299. ‘ ' 
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It has been mentioned in chapter VI, §8, p. 263 that Stern's correction results 
in a lower potential drop in the diffuse double layer ('J.’S instead of '{'o)- The potential 
in the diffuse layer, instead of being only dependent on the amount of potential-deter¬ 
mining ions, now also depends upon the total electrolyte concentration and is lower, 
the higher the electrolyte content. This explains why in several cases a sort of critical 
C-potential has been found and it shows how in the refinements of the double layer 
theory of stability, conceptions of the older theories (like discharge by adsorption of 
counter ions) again play a role. 

The potential depends — other things being equal — on the thickness of the 
molecular condenser and indeed is larger, the thinner the molecular condenser is. The 
thickness of the molecular condenser will be determined by the magnitude of the 
counter-ions. So we may expect that the larger counter-ions will give rise to a lower 
and consequently to lower stability and lower flocculation values. 

The evidence from adsorption experiments (chapter IV, §5a, p. 146, Hg,$6a, p. 160, Agl) pointing 
to a complete lack of specificity of cations, is not contrary to changes in at the flocculation value. 
In the elecirocapillary case the concentration of electrolyte is usually so high that the diffuse double 
layer is practically absent, and in the Agl case on the contrary,the electrolyte concentration was far 
lower than the flocculation value. 

The second typical addition in Stern’s theory is the specific adsorbability. When 
the counter-ions arc strongly adsorbed (otherwise than by their charge alone) they will 
give rise to a sharp depression of and thus to a low stability and a low flocculation 
value. 

For the A scries of ions the first prediction is on the whole confirmed by experi¬ 
ments. Usually the order of flocculation values is 

Li > Na > K > Rb > Cs 
and Mg > Ca > Sr > Ba 

as is demonstrated by Table 1, p. 307 and more material to confirm this is cited by 
Pauli and Valko *. 

The greater polarizability of the larger ions will be expected to increase their 
absorbability and thus to act in the same direction. 

For many positive sols (see FcjOj-sol, Table 3, p. 309) however the order is just 
reversed so that here the larger ions have the greatest flocculation value 

I > Br > Cl 

An exception is formed by some very special positive sols * (Au-sols whose charge had 
been reserved by the addition of A1 or Th salts) where again the smaller ions (Cl~, Br”I 
have a higher flocculation value than the larger one (I"). This exception may be 
explained in the same way as the behaviour of cations. 

The normal rule for positive sols has, however, not yet found a satisfactory explana¬ 
tion. 

Another interesting case ® which shows clearly how complicated these specific 
effects may be is given by the sulphur sol. The sulphur sol prepared according to VoN 


* W. Pauli and E. Valk6, Elektrochemte der KoUoide, Vienna 1929^ p. 179. 

* A. VoET and F. Balkema, Pec. uav. chtm,, 52 (1933) 371. 

* H. ¥^£{)sx>L}CH, Kapillarchtmie U, Leipzig 1932, p. 387. 
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Weimarn by pouring an alcoholic solution of sulphur into water behaves analogous to 
the negative sols treated above. ® 

The sulphur sol prepared, however, by acidification of NajSjOa (S-sol of Rafpo) 
shows an extremely strong spreading of flocculation values that can scarcely be ascribed 
to an influence of the ionic radius alone. 


TABLE 6 


FLOCCULATION VALUES of S-soI of VoN Weimarn and of Raff6 



Von Weimaan 

Raff6 

LiCl 

34 

750 

NaCl 

33 

190 

KCl 

32 

85 

RbCl 

31 

80 

CsCl 

30 

95 


The influence of strong adsorbability is demonstrated by the very low flocculation 
values of complicated organic ions. For a few examples see Table 1. 


Although in some cases application of the Stern correction allows of a simple 

interpretation of observed facts it should be kept in mind that the introduction of two 

new parameters (ionic dimension and adsorption potential) makes the theory rather 

elastic. On the other hand a refinement of this type is the only way of attacking and 

understanding specific effects and therefore further development in this direction seems 
indicated. 


b. Ions bearing the same charge as the colloid. Antagonism of ions 

It has been found frequently that highly charged ions of the same charge as the 
colloid lead to a higher flocculation value. This has been called by Valko ^ the "relieving 
effect”. Now this is just the reverse of what is expected on the basis of the double layer 
theory. There, indeed, the highly charged ions should contribute their part of the ionic 
strength and thus compress the double layer and decrease the flocculation value. 

An explanation of the relieving effect” may be found by comparing it to some 
cases of ionic antagonism observed in flocculation experiments with mixtures of electro¬ 
lytes. The efficiency of a polyvalent counter-ion may be severely depressed by the 
presence of a certain amount of electrolyte of lower valency even to such an extent that, 
in the presence of this second electrolyte, a larger quantity of the polyvalent ion is 
necessary to flocculate the sol than if the second electrolyte were absent. 

Kruyt and Vester * explained this antagonism by remarking that according to the 
theory of Debye and Huckel the activity of the polyvalent ion may be very much lower 


‘ W. Pauli and E. Valko, Elektrochemie der KoUoide, Vienna 1929, p. 192. 

2 C. F. Vester, Thesis , Utrecht 1935; H. R. Vinxnr, Proc. Koninkl. Nederland Akad. Weienscha, 38 
(1935) 464. 
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than one and they succeeded indeed in showing that the antagonism disappears or 
nearly so, when instead of flocculation concentrations flocculation activities are com¬ 
pared. (See Figs. 5 and 6). The "relieving effects” may be explained in the same way. 

This means an introduction of the Debye and Huckel effects in the bulk of the 
liquid (outside the double layer) which hitherto have been neglected Essentially this 



Fig. 5. Flocculation values of Agl by mixtures of 
AlfNOj), and K,SO,. 


eoK. or octiyity of Th‘'* 



Fig. 6. Flocculation values of Agl by 
mixtures of ThfNOj)^ and Na^SO, 


amounts to taking into account that also outside the double layer the polyvalent ion is 
preferentially surrounded by ions of the other sign and therefore is not at a mean 
potential zero but at a much lower one. 

It is quite conceivable that the antagonism or "relieving effects”, remaining after 
this activity correction should be ascribed to a normal (not very large) adsorption 
potential. 


• cf. for a first quantitative treatment A. L. Loeb, Thesis, Harvard 1949. 
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c. 


Reversal of the charge of a colloid 



In the frame work of Gouv's theory, addition of electrolyte can never lead to a 
reversal of the sign of the charge or potential. In reality, however, therl are steral 

bv the ^ reversal of the charge, as is proved both by electrophoresis and 

nhenn^r*^ "ii^ ^ Stability (Irregular series). Schernatically the 

fhe aZunro? elZ“ ''-‘-Ph--- -e plotted against 

When an irregular series 
is produced by addition of 

potential-determiningions (ne¬ 
gative silver halide sol 
Ag NOj, positive Fe(OH)3 sol 
NaOH) the explanation is 
simply that the surface passes 
its zero point of charge. 

There are, however, many 
cases of irregular series produ¬ 
ced not by potemial-determi- 

mng ions, but by highly charged or strongly adsorbable counter-ions. 

1 he abnormally l^ow flocculation values of complicated organic ions have already 
been cited in sect. 3. Closer inspection shows that many of these ions give rise to rever¬ 
sal of charge and an irregular 
series, e.g., in the case of the 
silver iodide sol, laurylpyridi- 
nium bromide ‘ or strychnine 
nitrate *. 

At first sight it seems as 
if highly charged inorganic ions 
like Al-*- + + or Th + + + -^ also 
give rise to reversal of the 
charge. As these ions, however, 
are very easily hydrolized, there 
is also the possibility that the 
reversal of charge is not con¬ 
nected with the ions but with 
the products of hydrolysis 
which presumably are posit¬ 
ively charged colloidal oxides 
or hydroxides. The work of 
Troelstra * has made it ex¬ 
tremely probable that only the 
products of hydrolysis are able 
to reverse the sign of the charge 
whereas the simple ions are 

^ A. I-OTTERMOSER and R. Steudel, Kolloid-Z., 82 (1938) 319; 83 (1938) 37. 

■S. A. Troelstra, TAesis, Utrecht 1941, p. 125, 132;H. R. KRUVrand S. A. Troelstra, 

Beihefte, 54 (1943) 284, 277. 



500 

/‘'O/liter ^OOH 

Fig. 8, Regions of stability of Agl sol (0.4 m mol 1) in mix¬ 
tures of Al(NO:,)i and HNOj or NaOH 
— = Stable negatively charged 
-I- stable positively charged 
hatched = unstable 

On the curve 0—0 the particles are uncharged 
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not. The arguments are that in acid solutions reversal of charge is absent or, when 
the pH is not very low, at least difficult. In alkaline medium reversal of charge may 
be effected by very small quantities of the polyvalent "ion” but at still higher pH the 
reversal of charge is again absent because now the hydroxides formed are themselves 
negatively charged by OH" ions. Troelstra gives for instance the Figs 8 and 9 for 

the reversal of charge of diluted Agl sols 
by Al(NO,)s and Th(NO,) 4 . 

The same type of reversal of charge 
may be produced even by bivalent ions 
when only their hydroxides are sufficiently 
insoluble. So with Cd, Zn, Mg, Be nitrate 
the Ag I-sol can be made positive on 
addition of sufficient NaOH. ButBalOH)^ 
is too soluble to produce the effect. 

It remains, of course, possible that 
with very high concentrations the ions 
themselves may change the sign of the 
charge, as is evidently the case in hydro- 
Fig. 9. Regions of stability of Agl sol (0.4 m philic colloids (c/. vol II, chapter IX), but 
mol/1) in mixtures of Th(NO ,)4 and NaOH or at these very high concentrations no stable 
HNO,. See further caption of Fig. 8. hydrophobic colloids can exist. 

Reversal of charge by polyvalent com¬ 
plex ions such as for instance, the hexol ion *, is, judged by the influence of the pH, of 
the strychnine type and not of the type of the simple inorganic ions. But then the 
adsorbability of such a large ion (ion-weight 698) may be expected to be very high 
like that of organic ions. 


d. Mutual flocculation 

When two hydrophobic colloids with different signs of charge are mixed, the 
particles will attract each other and flocculation may result. If one of the colloids is in 
sufficient excess, the particles of the other one are covered by the particles which are in 
excess and the system remains a stable mixed colloidal system. The most complete 
flocculation is reached when the total charges of the two colloids are equal -. 

WiECNER * has remarked that the electrostatic attraction between the oppositely 
charged colloidal particles leads to a large increase of Von Smoluchowski's radius of 
^traction (c/. chapter VII, § 1, p. 278) and indeed during a flocculation experiment 
between positive copper hydroxide and clay the radius of attraction was 65 a (a = 
radius of primary particles) at the beginning and, as larger and more neutralized aggre¬ 
gates were formed, diminished gradually to: 40-30-16-10-4 times the radius of the 
particles. 


‘hexol = [Co }(OH),Co(H,N-CH,-CHjNHj),}J6 

. J^ottermoseb and K. May, Koltoid-Z.. 58 {1^2) 61; S. A. Tboelstra, lx. 
G. WiECNEB, Kollotd-Z.. 58 (1932) 167. 
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e. Influence of lyophtlic colloids on flocculation 

e. 1. Protecting action 


The most conspicuous influence of the addition of lyophilic colloids to lyophobic 
ones is the "protective action”. A sufficient (usually not very large) quantity of, for 
instance, gelatin makes a lyophobic sol much less susceptible to flocculation by electro¬ 
lytes. El‘»c'crophorfcsis measurements show that the electrophoretic velocity of the 
hydrophobic particles has changed by the addition of the gelatin from the value of the 
pure hydrophobic sol to a value proper to the pure gelatin sol. 

It is rather obvious to assume that the hydrophobic particles are completely covered 
by a layer of gelatin which imparts to the particles not only its electrophoretic properties 
but also an extra repulsion independent of the double layer and due to the solubility 
of the gelatin. 

Protective action is frequently applied in industry and medicine, to prepare or to 
protect fine dispersions of insoluble substances from which hydrophobic sols cannot 
easily be prepared or which have to be used under conditions where a hydrophobic sol 
would not be stable. 

A quantitative test of protective action has been conceived by Zsigmondy* and is 
still the most frequently used tool of investigation in this domain. 

Zsigmondy determined the quantity of a hydrophilic colloid which could just pre¬ 
vent the flocculation of 10 ml of a gold-sol (colour change from red to blue) by 1 ml of a 
10% solution of Na Cl. This quantity expressed as milligrams of the hydrophilic colloid 
is termed its "gold number” and forms a reciprocal measure of the protective action. 
Gold numbers may vary from 0.005 for very well protecting colloids to 25 and more 
for poorly protecting substances. 

The gold number is a general measure for protective action as it is found empiri¬ 
cally that strong protective action against the flocculation of the gold-sol usually 
involves strong protection with other sols. There are differences in detail which is not 
surprising as protective action rests not only on the solubility of the protecting sub¬ 
stance in water but also on the ease of its adsorption by the hydrophobic particle. 

Table 7 gives a few values of the gold numbers and of analogously defined silver 
numbers, rubin numbers (sol of congorubin) sulphur numbers, Prussian blue-numbers 
and iron oxide-numbers. 

TABLE 7 


PROTECTIVE ACTION OF HYDROPHILIC COLLOIDS AGAINST DIFFERENT SOLS * 


Eelatiti 

Sodium caseinate 

hemoglobin 

egg-albumin 

gum arabic 

dextrin 

potato starch 

saponin 


gold 

number 

silver 

number 

1 rubin 
number 

sulphur 

number 

Prussian 
blue number 

iron oxide 
number 

0.01 

I 0.035 ; 

2.5 

1 0.00012 

0.05 

5 

0.01 


0.4 

1 

— 


0.03-0.07 


0.8 

— 



2.5 

' 1.5 

2.0 1 

; 0.025 

25 

15 

0.5 

1.25 

1 

1 0.024 

1 

5 

25 

20 

100 


0.125 

250 

20 

20 

1 

*^20 




115 

35 ' 

0.015 ' 

2.5 

115 


• R. Zsigmondy. Z. anal Chem., 40 (1901) 697; see also: R. Zsigmondy and P. A. Thiessen, Das 

Kolloide Cold, Leipzig 1925, p. 173. tt r 

• H. Freundlich, Kapillarchemie, II,Leipzig 1932. p. 449; J. TRAUBEand E. Rackwitz, Kolloid-Z-, 

37 (1925) 131. 
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In the case of strongly protecting colloids the thickness of the protecting layer 
around the hydrophobic particles may be calculated from the assumption that almost 
the whole of the hydrophiUc colloid is adsorbed. For the protecting layer of gelatin in a 
gold sol one finds in this way a thickness of about 10 A, of the order of just one complete 
monolayer. 

e. 2. Sensitizing action 


On closer inspection of the dependence of the protecting action on the amount of 
electrolyte one finds at very low amounts of protecting colloid a region where the 
flocculation value is lower than in the pure sol, that is a region of sensitization. 

When the sensitization occurs in a system where hydrophobic and hydrophilic 
colloids are oppositely charged, sensitization is easily explained as a form of mutual 
flocculation. An example is the flocculation of an (acid) gold sol which is negatively 
charged with an acidified (positively charged) gelatin solution. In their dependence 
on the electrolyte concentration the flocculations show strong resemblance to complex 
coacervations * (see volume II, chapter X). 

But sensitization is not restricted to cases of mutual flocculation; it also exists 
when the two sols bear charges of the same sign. 

In the reaction of Lange (1912) between gold sol and cerebrospinal liquid ihj 
phenomena involved are dominated mainly by the sensitization of the gold sol by 
albumin and globulin of the same sign *. 

Bendien * who investigated the interaction between gold sols and gelatin found 
sensitizations at a pH higher than 4.7 where the gelatin is negatively charged. 

Not only with amphoteric colloids as in the examples cited above, but also with 
exclusively negative hydrophilic colloids like gum arabic or starch, sensitization can be 
produced * with a negative sol like Agl. 

Even an important technical process ‘ for the rapid flocculation of tenacious coal 
and clay suspensions with starch and lime is based upon a sensitization of this kind. 

This sensitization has been explained by assuming the formation of agglomerates 
of lyophobic particles held together by the lyophilic ones. When larger amounts of the 
hydrophilic colloid are available each particle is completely covered with it. But when 
the quantity of hydrophilic colloid is very small, insufficient to cover the particles, a 
more complete contact between hydrophobic and hydrophilic particles is possible by 
the formation of agglomerates in which one hydrophilic particle touches two or more 
hydrophobic ones. As a rough picture of sensitization this is probably right, but it 
must be refined to explain several peculiarities in this phenomenon. 

Neither m electrophoresis, nor in BfiOWNian motion are sol particles changed 
by the addition of the sensitizing colloid. It seems as if adsorption of the two colloids 
takes only place after the addition of the flocculating electrolyte. The repulsion of the 
two colloids has to be diminished before they can reacli each other. 


1 ‘i’ T”’ C/iem. Weekblad, 35 (1938) 117 (in Enijlish). 

a «/ Kollotde Cold in Biologie and Medizin, Leipzig 1925, p. 32, 59. 

(1928^7 Delft 1926; W. Reindfps and W. M. Bendien, Rec. trav. chtm., 47 

36 Worsting. Rec. irav. chim.. 57 (1938) 737; J. Deveux,;. chtm. phys., 

'i D '' ^ OVERBEEK, l.C.) 

138 patent 658306 (1928); Geologic en mhnbouw. 10 (1931) 71; Engineering. 

kL 4^ ^ TH.VANlTERSON.Proc./ConinW.NeJerW/l)c.d. U'e J: 

ichap, 41 (1938) 81; H. A. J. Pieters and J. W. J. Hovers, Dutch patent 61401. 
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Sensitization against flocculation by monovalent ions is much more pronounced 
than against polyvalent ions as is shown schematically in Fig. 10. Troelstra * explains 
this by assuming that the polyvalent ions form connective bridges between hydro- 


^ of ftotxafation valiir 



Fig. 10. Protecting and sensitizing action by a hydrophilic colloid 
against flocculation by monovalent and trivalent ions (schematically). 

phobic and hydrophilic particles whereby the two sorts of particles are very rigorously 
held together and a uniform spreading of the hydrophilic colloid over the hydrophobic 
one is promoted. 


§ 5. FLOCCULATION VELOCITY AS A FUNCTION OF THE 
CONCENTRATION OF ELECTROLYTES 

A flocculation value gives only one rather arbitrary set of corresponding values 
of the rate of flocculation and the concentration of electrolyte. A further test of the 
theory of the stability can be obtained by examining the concentration dependence of 
the rate of flocculation. It has been described in Ch. VII, § 3, p. 283 how the rate of 
slow flocculation can be related to the form of the potential curve representing the 
interaction of two particles. This relation has already been used in the construction of 
Figs. 3 and 4, p. 305 of this chapter. 

The retardation factor W, giving the ratio between the rates of rapid flocculation 
(no interaction) and slow flocculation for an energy of interaction V, is given by eq. 
(36) of Ch. VII, p. 285. 

00 

It' = 2 / exp (vjuT) 

2 

The method of calculation of the energy of interaction V as a function of the 
distance between two colloidal particles has been described in Ch. VI § 12 b, p. 271. 

’ S. A. Troelstra, T/iesis, Utrecht 1941, p. 81; S. A. Troelstra and H. R. Kruyt, Kolloid- 
Beihefle, 54 (1943) 251. 
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These calculations have been carried out for a series of concentrations of electrolytes 
and for certain specified values of the radius of the (spherical) particles, a, the Van 
Der Waals constant A, and assuming that during the interaction the surface potential 
has the constant value of 75.8 mV. 



Fig. 11. Theoretical dependence of the rate of flocculation 
on the concentration of electrolyte. 


Fig. 11 shows the results of these calculations plotted in a log W — log c diagram. 
It is remarkable that in the major region of slow flocculation the relation between log W 
and log c is nearly linear. 


Reerink * has indicated how this linear relationship follows from an approximative evaluation of 
the integral in eq. (5). 

As the exp (V kT) has a very sharp maximum when plotted as a function of t {cf. fig. 3, Ch. VII, 
p. 285) the value of W can to a good approximation be represented by (Ch. 7, eq (37) p. 285). 


IV exp. (V AD 

2y.Q max. 


or 


V log c 
max. 
kT 


log W ■'* -log 2y.Q 

Applying for ihe repulsive pan of the interaction the cq. •) 


V 4.62 . 10 - 

rep. z- 


and for the attraction (sec eq (41) Ch. VI, p. 270) 

V : _ 

attr. 


A 

12 (s 2) 


( 6 ) 

(7) 

( 8 ) 

(9) 


* H. Reeris'k, Thesis, Utrecht 1951 (to be published). 

^ E. J. W. Verwey and J. Th. G. Overbeek. Theory of the stability of lyophobic colloids. Amsrerd.iin 
1948, p. 140. 
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the value of is easily derived. The resulting equation for the retardation value W is then 




kTz^ 

0.85 ■ 10-* a Y® 
ATa® 

where c is expressed in millimols/litre. 


1.70 • 10-* a Y® . 4.9-10 *jM 

logcz*-^^^-5- X log — 


+ 


i) 




, Zr.e^NAv 10 -« . ^ 

>08--log2n 


V* 


( 10 ) 


According to this approximate eq. (10) the slope of the log W — log c curve for 
the example chosen in Fig. 11 is equal to 9 for monovalent and to 4.8 for divalent elec¬ 
trolytes, whereas the exact calculation used for the construction of the figure leads to 
the values 7 and 4.5. 

Several investigators * have determined the relation between the rate of coagula¬ 
tion and the concentration of electrolyte. Some of their results have been collected in 
Fig. 12. The linear relation between log W and log c that has already been described 
by Paine {l.c.) is often rather well fulfilled, even over a range of rates of coagulation 
exceeding a factor 1,000 or 10,000 (see especially the experiments of Van Arkel and 
those of Reerink). The slope is found to vary between 2.5 and 20 and is thus in the 
same range as the calculated slope. 

The influence of the particle radius (a) and of the surface potential (y) is less easy 
to test. Westgren does not find any influence of a variation of the particle radius 
between 50 and 120 mi^ on the rate of slow coagulation of gold sols, whereas Tuorila 
for the same ooject finds a quicker coagulation for larger particles which for compara- 


« Cold (Tuorilc) 
o Selmium (v Arkel) 



Fig. 12. Relation between race of flocculation and concentration of electrolyte as determined experi¬ 
mentally. The three groups of curves relate to monovalent, divalent and trivalent electrolytes. 


‘ H. H. Paine, Kolloidchem. Beihefte, 4 (1912) 24, Cuj A. Westgr^n, ArkivKemi Mineral. Ceoi, 7 
(1918) no. 6, Au; A. E. Van Arkel, Thesis, Utrecht 1920, Se; A. E. Van Arkel and H. R. Kruyt, Rec. 
trav.chim., 39 (1920) 656; 40 (1921) 169; P. Tuorila, /:o//oi<fcAcm. Beihefte, 22 (1926) 191, Au; 
K, Hoffmann and H. A. Wamiow, XoWoid-Z., 83 (1938) 258, Ae^S,; J. J. Homans, Rec. trav. chim., 
58 (1939) 139,725, 741, Agl, WOj; L. Lepin and A. Bromberg, Acta Physicochim. U.R.S.S., 10 (1939) 
83, Agl; H. Reerink, Thesis, Utrecht 1951, Agl. 
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lively rapid coagulations is in accordance with eq. (10). With Agl, Reerink found 
steeper curves for larger particles, although the influence of the size of the particles was 
smaller than it should have been according to eq. (10). 

The curves for different valencies are on the whole of the same slope, which points 
to a rather low value of y» for y is proportional to z for low values of the surface poten¬ 
tial. In that case the observed slopes point to a value of a of the order of 10-* cm, which 
is not in too bad accord with the measured values of a. However if this is the right 
explanation, the rule of Schulze and Hardy cannot be understood because small values 
of y lead to : C| = 1 : (i)* instead of to 1 ; (J)* (see small print on p. 319). 

So although satisfying in orders of magnitude and in the explanation of the linear 
log W — log c relation, in some details the theory is not confirmed by the experiments, 
pointing probably to insufficiencies in the theory of which the neglect of the Stern 
correction is perhaps the most serious one. 


§ 6. THE INFLUENCE OF THE SOL CONCENTRATION ON 

FLOCCULATION VALUES 

There is a relatively large number of investigations on the dependence of floccula¬ 
tion values on the concentration of the colloid. The results of the older investigations 
can be divided schematically into three types represented by the Figs. 13, 14 and 15. 
In these figures the flocculating values for a low concentration of colloid have been 
arbitrarily taken as 100%. In all cases the flocculation value for trivalent flocculating 

ions mounts more steeply or descends less steeply 
than that for divalent ions and monovalent ions with 
increasing sol concentrations. 

With sols of iron hydroxide *, stannic hydroxide 
aluminium hydroxide*, chromium hydroxide®, man¬ 
ganese dioxide ®, prussian blue®, type I in which all 
flocculation values increase with increasing concen¬ 
tration has been found. 

Type II, increase of flocculation value for 
polyvalent ions and decrease for monovalent ions, 
is the usual one and frequently cited as the rule 
of Burton and Bishop*. It was found for Aso Sj 
by Kruyt and Van Der Spek * and later by many 
other investigators. 


ff9<tufati0A 





Fig. 13. Influence of sol concen¬ 
tration Type I. 


‘ H. R. Kfuyt and J. Van Der Spex, Kolloid~Z.. 25 (1919)1. 

* K. C. Sen and N. R. Dhab, KoUoid-Z., 34 (1924) 262; S. Gosh and N. R. Dhar, 7. Phyz. 
Chem., 31 (1927) 187. 

® H. B. Weiseb and H. O. Nicholas,/. Phys. Chem., 25 (1921)742. 

* E. F. Burton .and E. Bishop,/. Phys. Chem., 24 (1920) 701. 

* J- N. Mukhebjee,/. Am. Chem. Soc.. 37 (1915) 2024; J. N. Mukherjee and K. C. Sen, /. Chem. 
Soc., 115 (1919) 461; H. R. Kruyt and J. Van Der Spek, l.c.\ E. F. Burton and E. Bishop, /.c.; H. B. 
Weiseb and H. O. Nicholas, /.c.; E. F. Burton and E. D. Me Innes,/. Phys. Chem., 25 (1921) 517- 
A. Boutaric and G. Perreau, /. chim. Phys.. 24 (1927) 496. 
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floceutotion 
value m% 



iofe«Aeentrof/o/i 

Fig. 14. Influence of sol concen¬ 
tration Type lI(BuRTON and Bishop). 


flocculation 



Fig. 15. Influence of sol concentration 

Type III. 


The same behaviour is found for CuO S 
mastix S Ag S 

Type III finally in which all flocculation values 
decrease with increasing concentration has been found 
for emulsions of oil in water * and for a CuS sol 

In a later period it was realized that dilution of 
a hydrophobic colloid is not at all an innocent process. 
With dilution peptizing and contaminating electro¬ 
lytes are also diluted and this may give rise either to 
a decrease or an increase of stability. 

SoRUM * investigated the effect of dilution on a 
chromium hydroxide and iron hydroxide sol to which 
different quantities of peptizing electrolyte (CrCI,, 
FeCla) had been added. The flocculation value for 
monovalent ions of a very pure sol increases with 
dilution but that of a sol with much peptizing elec¬ 
trolyte shows the opposite behaviour. See Fig. 16. 

Chatterjee ’ found an analogous behaviour in 
the case of an uranium ferrocyanide sol with pot¬ 
assium ferrocyanide. The investigation by Fisher 
and SoRUM on chromium hydroxide peptized with 
Cr CI 3 is still more complete. For monovalent ions 
they found the same behaviour as for Fe(OH)j. 
For flocculation with polyvalent ions they found 



added. The numbers along the curves 
give the number of millimols FeCIj/1 


' E. F. Burton and E. Bishop, lx. 

H. Freundlich and E. Loeninc, /Cof/oidcAe/n. Beihefte, 16 (1922) 1. 

® H. Freundlich and P. Scholz, Kolloidchem. Beihefte, 16 (1922) 241; A. Foi>or and R. Riwlin, 


KoUoid-Z., 44 (1927) 69, 


•' S. S. Bhatnagar,/. Phys. Chem., 25 (1921) 735; S. Ghosh and N. R. Dhar,/. Phys. Chem., 


30 (1926)294. 

^ J. N. Mukhebjee and K. C. Sen,/. Chem. Soc., 115 (1919) 461. 

« C. H. SoRUM, KoUoid-Z., 58 (1932) 314; E. Fisher and C. H. Sorum, /. Phys. Chem., 39 (1935) 
283; R. C. Judd and C. H, Sorum, y. Am. Chem. Soc., 52 (1930) 2598. 

■ N. P. Chatterjee,52 (1930) 214. 
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behaviours according to type 11 (rule of Burton and Bishop) independent of the 
concentration of peptizing electrolyte. 

Wannow and collaborators ‘ could confirm the rule of Bishop and Burton with a 
somewhat more modern technique for many cases like AsgSj, CuO, Al(OH) 3 , Fe(OH)j, 
Cr(OH)j etc., but for very great dilution they always found increasing stability accor¬ 
ding to type III. 

In trying to explain these results it -should be realized that in all these investiga¬ 
tions the influence of the sol concentration has been contaminated by other effects. 
After dilution the flocculation criterion should be changed and the state of flocculation 
should be judged after a longer period (smaller rate of coagulation). Moreover the 
concentration of peptizing electrolyte should be kept constant or at least controlled 
and a correction should be applied for the exchange of flocculating ions against double 
layer ions which may, expecially in the case of concentrated sols and polyvalent ions, 
seriously disfigure the results. 

When these corrections are applied, Miss Klomp6* finds for the influence of sol 

concentration on the flocculation value of Agl just 
the reverse of the Burton-Bishop rule, i.e., a 
decrease of flocculation values with dilution for 
monovalent and an increase for di- and tri-valent 
ions as shown schematically in Fig. 17. 

As the application of all these corrections 
makes the final results less accurate, one should 
say that as yet in the authors' opinion there is no 
certainty whether there is any direct influence of 
the sol concentration on the flocculation value. 
But on the other hand rules like that of Bishop 
and Burton must certainly be explained by in¬ 
direct influences of the sol concentration. 

The increase in flocculation values for poly¬ 
valent ions in type I and type II has to be ex¬ 
plained by ionic exchange. In the more concen¬ 
trated sol more flocculating ions are necessary before a certain critical activity in the 
solution is reached. 

The decrease in flocculation value especially for monovalent ions in type II and III, 
are probably connected with a change m surface potential. After addition of electrolyte 
the double layer is compressed, the charge increases, the free concentration of peptizing 
electrolyte decreases and the stability decreases. This process is most pronounced for 
the most concentrated sols. 


(corrtcttd) id % 


iooy} 



toitQd^tdtr^fiOd 

Fig. 17. Influence of sol concentration 
after correction for exchange of ions, 
change of rate of coagulation etc. 


' H. Wannow and K. Hoffmann, KoHoid-Z-, 80 (1937) 294; H. Wannow, KoUoxd^Beihefie, 50 
(1939) 367; H. Kauffmann, KoUoid-Z., 92 (1940) 343; 93 (1940) 86. 

• M. A. M. Klomp£, Th^siSt Utrecht 1941. 
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§ 7. THE MINIMUM IN THE POTENTIAL CURVES FOR LARGE 

DISTANCES BETWEEN THE PARTICLES 


a. Theoretical 


A characteristic feature of the 
potential curves to which we have 
hitherto paid no attention is the mini¬ 
mum for relatively large distances 
between the particles (Min Fig. 18). 

This minimum, which is always 
present owing to the slow falling off of 
the Van Der Waals attraction, should 
be a cause for coagulation if it is deep 
enough. This coagulation, however, 
would have a different character from 
the coagulation treated in the fore¬ 
going sections which was dependent 


tntr^y Of 

intoroetion 



disianc* bttwtm 
two ^rticln 


Fig. 18. Schematic picture of potential curve showing 
the primary minimum F, the secondary minimum M 

and the maximum S. 



Fig 19. Secondary minima in the energy curves for 
coarse particles (o = I0“*, i4=5'10-‘’). 

For X - 10*, that is C-..0.001 n the minimum 
may already be deeper than ~6kT. 


on the deep minimum F. Coagula¬ 
tions in the minimum M would be 
distinguished by complete reversi¬ 
bility (there is no potential barrier) 
and by equilibrium distances between 
the particles of the order of a few 
times the thickness (l,x) of the 
double layer. 

To give rise to observable effects 
the minimum M must be at least 
several times k T deep. Then from 
a quantitative inspection of the po¬ 
tential curves of chapter VI, § 10 it 
follows that for colloidal particles of 
the usual dimensions (10“* cm and 
smaller) the minimum M is never 
deep enough when the maximum S 
is large enough to prevent normal 
flocculation. So for ordinary hydro- 
phobic sols the minimum at large 
distances does not interfere with the 
rules for stability treated in the fore¬ 
going sections. 

If, however, the particles are 
larger (coarse suspensions) or only 
larger in one or two directions 
(rods or plates) an influence of the 



§ 7 THE MINIMUM IN POTENTIAL CURVES _ ^25 


minimum Af is expected to exist, unless the retardation correction to the London 
force (chapter VI, § 10b) should destroy it. As the magnitude of this retardation is 
still less predictable than the value of the London force, we shall inspect the experimental 
data for evidence of the existence of the minimum M. 

b. Experimental indications for long range equilibria 

Experimental indications for the existence of this minimum M will be difficult to 
find in the case of more or less spherical particles. In this case indeed practically the 
only indication would be a relatively low flocculation value for coarse suspensions. The 
minimum M could be deep enough at electrolyte concentrations where S is still far too 
high to allow normal flocculation. Fig. 19 shows for instance how, in case of particles of 
2 it diamteter, flocculation could be brought about by 1 or a few millimols 1 of a mono¬ 
valent electrolyte. 

But in the case of such coarse suspensions the difference between stability and 
flocculation is unfortunately much less pronounced than for smaller particles, as the 
large particles sediment rather quifkly on their own account, are easily redispersed 
by shaking, and, owing to the small number of particles per unit of volume, show a very 
long time of coagulation. 


b. 1. Adherence numbers of Vos Buzach 

Von Buzagh ‘ published a series of experiments which come rather close to our 
requirements. He let a dilute suspension of quartz or glass particles sediment upon a 
glass plate. After having reversed the glass plate, keeping it submerged, he observed 
part of the particles adhering to the plate and part of them falling off and dropping to 
the bottom of the vessel. The percentage of particles adhering increased strongly on 
raising the concentration of electrolyte above one or a few milli equivalent per litre 
of a univalent electrolyte (see Table 8), and obeyed to the Schulze-Hardy order. 


TABLE 8 

Concentration of electrolyte necessary to increase the adherence number of quartz particles 

FROM 50“o (value in pure water) to95"o 


Electrolyte 

milhmols 1 

LiCl ' 

1 

' 1.4 

NaCl 

1.0 

KCl 

0.4 

CaCl. 

0.04 

SrCJ. 

0.03 

BaCL 

0.02 

AlClj 

0.04 

Th(N 03 ), 

< 0.002 


The adherence was most evident for particles with a diameter of the order of 3 -i, 
the smaller ones falling off because the minimum was too shallow and the Larger ones 
because they were too heavy. 

Not only the low "flocculation value" is in accord with the supposition that here 


‘ A. VoNBuzACK,/Co//oid-Z., 47 (1929) 370; 51 (1930) 105, 230. 
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IS a case ot flocculation m the secondary minimum, but also the fact mentioned especial- 
ly by Von Buzagh, that the adhering particles retain their lateral BROWNian motion 
which seems only possible if they are separated from the plate by a layer of liquid of 
sufticient thickness. 


b. 2. Tactoid formation 


Several colloidal systems containing anisodimensional particles may under certain 
circumstances show a reversible separation into two phases. The oldest example is the 
iron hydroxide sol described by Cotton and Mouton The same phenomenon has 
been studied more extensively on iron hydroxide, vanadium pentoxide, tungsten trioxi- 
de, benzopurpurin and other dyes by Zocher », Szegvari Heller « and recently on 
tobacco mosaic virus by Bernal and Fankuchen » and on cucumber virus by Bawden 
and PiERiE *. 

When the colloids just mentioned are sufficiently concentrated and their electro¬ 
lyte content is not so high as to cause irregular flocculation, the sol separates into two 
phases: a dilute isotropic and a more concentrated birefringent one. Under the micros¬ 
cope between crossed nicols one observes that the anisotropic phase forms spindle- 
shaped islands in the dilute phase. When the original sol is very concentrated the reverse 
phenomenon is observed, U., isotropic spindles are formed in an anisotropic sol. The 
anisotropic spindles have been called tactoids by Freundlich Fig. 20 gives a fine 



F:c 20. Tactoids of vanadium pentoxide 
PP =ofietitation of polarizer. 

AA =orlentation of analyzer. 



Fig. 21. Negative 
tactoids of isotropic 
solutions in the ani¬ 
sotropic phase of 
tobacco mosaic 
virus. 


* A. Cotton and H. Mouton. Ann. chim. et phys., (8) 11 (1907) 185. 

* H. Zocher, Z. anorg. u. allgem. Chem., 147 (1925) 91; H. Zocher and K. Jacobsohn, Kolloid-Z; 
41 (1927) 220; Kolloidchem. Beihefte, 28 (1929) 167. 

® A. Szegvari, Z. physik. Chem., 112 (1924) 295. 

* H. Zocher and W. Heller, Z. anorg. u. allgem. Chem., 186 (1930) 75; W. Heller, Compt. rend.. 
201 (1935)831. 

* J. D. Bernal and I. Fankuchen, Nature, 139 (1937) 923; /. Gen. Physiol., 25 (1941) 111. 

* F. C. Bawden and N. W. Pierie, Proc. Poy. See. London, B 123 (1937) 274; Nature, 139 (1937) 
546; Birt.J. Exptl. Path., 18 (1937) 275. 

* H. Freundlich, Kapillarchemie, 11, Leipzig 1932, p. 55. 




example of positive tactoids of VjOj and Fig. 21 one of negative tactoids in tobacco 
mosaic virus^. 

By one sided dark field illumination (Szegvafi, Fig. 22) and also by determina¬ 
tion of the sign of the birefringence it has 



been ascertained that in the spindles the rodlike 
particles are situated nearly parallel to the long 
axis of the spindle as shown schematically in 
Fig. 23 *. 

Bernal and Fankuchen explained the 
spindleshape and also the fact that the smaller 
spindles are relatively more elongated by postul¬ 
ating two different interfacial tensions between 
the concentrated and diluted phases, namely 
one parallel and one perpendicular to the direc¬ 
tion of the rods. 

Now the concentrated phase in the tactoids 
still contains a great deal of dispersion medium 
which implies that the particles are compara¬ 
tively far apart. This is beautifully confirmed 


Fig. 22. The same field as Fig. 20 now illu- made more exact by X-ray measurements 

minated in the direction BB'. of Bernal and Fankuchen on tobacco mosaic 


virus*. They found characteristic small angle 
X-ray reflections which could be interpreted as due to a regular hexagonal packing of 
parallel rods at distances between the rods varying from 180-600 (the diameter of 
the rods themselves is about 150 A). The distance between the rods responds to the pH 
of the solution and to its salt content in a manner which proves that the repulsive 
force is of elcarical nature. In¬ 


deed for high salt contents and in 
the iso-electric point of the T.M.V. 
the rods are nearly close-packed 
and the distance between them in¬ 
creases with diminishing content of 
electrolyte and with pH deviating 
from the I.E.P. See Fig. 24 from 
Bernal's and Fankuchen’s work. 

This phase separation could 
be explained by the secondary mi¬ 
nimum m the now familiar poten¬ 
tial curves. It should be mentioned, 
however, that some authors, jud¬ 
ging that the attracting London 
forces are too weak to make them¬ 



Fig. 23. Positive and negative tactoids in colloids vvilli 

rodlike particles. 


selves felt over distances of the order of 500 in this case seek other explanations '". 


' J. D. Bepnal and I. Fankuchen, lx. 

* S. Levine, Trans. Faraday Soc., 42 B (1946) 102, 128; G. Oster, Fee. (rav. chtm.,68 (1949) 1123; 
L. Onsacer, Phys. Pev., 62 (1942) 558 (abstract);/. Gen. Physiol., announced; Ann. TV. Y. Acad. .Set., 
51 (1949)627. 
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The most attractive explanation is that by Onsager who considers the phase 
separation as a pure entropy effect. The very long particles like those of T.M.V. effecti’ 
vely hinder each other in their BFOWNian motion because there is a great a priori possi¬ 
bility of two particles touching each other. This effect increases strongly with concen- 
tration. Now for a given mixture of solution and long 
particles a random mixture may be less advantageous 
than a separation in a concentrated and a dilute phase 
because the particles in the concentrated phase lose 
only comparatively little freedom in rotational move¬ 
ment (for they had so little of it) whereas the particles 
in the dilute phase have a great gain in entropy, being 
now free to develop their rotational motions. 

In the present form, however, the theory ex- | 
plains only phase separations with a small difference 
in concentration in the two phases (for instance 30%) 
whereas in reality the difference may be much larger. 

It is quite possible that further refinements of the 
theory will lead to a better quantitative agreement. 

For the calculations themselves, which are a 
rather complicated form of statistical mechanics, the 
reader is referred to the original papers. 



b. 3. Schiller layers 


1 2 3 * s t 7 9 
NQr/notify of ooiktion Of 
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Of tuffor $0 tut ion 


Fig. 24. Relation of interparticle 
spacing and concentration of salt 
solution and pH, for solutions of to¬ 
bacco mosaic virus. 


In old iron hydroxide sols and in tungsten trio- 
xide sols a remarkable layer formation under the in¬ 
fluence of gravity has been observed >. On the bottom 
of the vessel the sedimenting blade-shaped particles arrange themselves in horizontal 
layers in which the particles are separated by distances of the order of 2000-4000 A. 
These layers are called Schiller layers; they show very beautiful interference colours 
that may be used to determine the separating distance. 

Again this distance becomes smaller on the addition of electrolytes and Bergmann, 
Low-Beer, and Zocher® have given a quantitative theory’of the phenomenon assuming 
that the particles are kept apart by double layer repulsion which is counteracted by the 
force of gravity. At these very large distances the London interaction is expected to be 
very weak, but gravity now takes its place in the potential curves. See Fig. 25. 

The essential difference between Schiller layers and tactoids is that the last-men¬ 
tioned structures are real phase separations independent of gravity whereas the Schil¬ 
ler layers seem to be simple partitions of the colloidal particles in the field of gravity. 


' H. ZocHER, Z. anorg. u. allgem. Chem., 147 (1925) 91; See also W. Heller, Compl. rend., 201 
(1935) 831. 

- P. Bergmann, P. Low-Beer, and H. Zocher, Z. physik. Chem., A 181 (1938) 301. 

“ Their theory of the repulsion of two parallel double layers is completely equivalent to the theory 
treated in Chapter VI, § 3, p. 247, but was only worked out by them for the case of large distances and 
vvcAik inieraciion. 
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b. 4. Phosphatides ^ 

When phosphatides like lecithin or cephalin are mixed with water, X-ray investi¬ 
gations show the presence of regular long range structures 

Palmer and Schmitt explained these long range X-ray interferences by assuming 



Fig. 25. Schiller layers of tungstic acid. Disunce between two layers as a function of 

the concentration of monovalent electrolyte. 


that the lipides form bimolecular leaflets in which the hydrophobic chains are turned 
towards each other and the polar sides turned outwards. 

Especially in the case of cephalin these polar sides are of acidic nature (phosphate 
group) and will after dissociation repel each other. 

The structure of cephalin may be represented as 

paraffin chain - O - CH* O 

i II 

HC-O-P-O-C-C - NHj 
I I H, H, 

paraffin chain - O - CHj 0“ 

H+ 

the negative charge being due to the dissociation of the free OH of the phosphoric acid group. The 
dissociation constant of the amino group of the colamine is small so that only in rather acid media can 
It compensate the then reduced charge of the phosphoric acid group. This is in contrast with the struc- 


* Strictly speaking phosphatides belong to the association colloids, which are treated in Vol II, 
Ch. XIV, but their long range structures show so many analogies with the phenomena treated in this 
chapter, that a discussion at this plan seems indicated. 

* R. S. Bear, K. J. Palmer, and F. O. Schmitt, J. Cellular Comp. Physio!., 17 (1941) 355; K. ]. 
Palmer and F. O. Schmitt, ibidem, 17 (1941) 385. 
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tures of lecithin and sphingomyelin which contain stronger basic groups and thus have the nature of 
bipolar ions. These last two lipidcs only show the long range structures to a limited extent. 

Usually all these phosphatides contain a certain amount of phosphatidic acid, which enhances 
the negative character (See Vol II, Ch. VII, p. 192). 

The thickness of the water layer between the cephalin leaflets may be as large as 
85 A. It is diminished by the addition of elec¬ 
trolytes which, as far as investigated, act accor¬ 
ding to the Schulze-Hardy order as is shown 
in Fig. 26. 

Especially the last mentioned fact showing 
that the leaflets approach each other when the 
repulsion is less far reaching, indicates that an 
attractive force is present and it seems accep¬ 
table to assume that the equilibrium distances 
measured by Palmer and Schmitt are to be 
explained as flocculations in the secondary 
minimum. 

The great similarity in behaviour between 
phosphatides and soaps gives rise tothe ex¬ 
pectation that leaflet structures are also present 
in soap solutions. 

The long range interferences which have 
been observed in soap solutions* have been 
explained in this way. However, there is still 
much controversy * as to the question whether 

soap micelles arc leaf-shaped, cylindrical or spherical and it seems advisable therefore 
to suspend judgment until X-ray interferences have been analysed more completely 
in this case. 

b. 5. Celformation 

Heller •* and Bernal and Fankuchen * have pointed out the possibility of explai¬ 
ning gel-formation in sols with rod-shaped or blade-shaped particles by assuming a local 
orientation and fixation of particles by long range forces, the whole system being solidi¬ 
fied by a network of chains of particles thus held more or less rigidly near to each other. 
Fig. (27). 

b. 6. Conclusion 

We would summarize this section by emphasizing that there are undoubtedly long 
range equilibrium structures. These structures may be explained by the secondary 


* See volume II, chapter XIV, on Association colloids § 3, p. 692. K.Hess, W. Philippoff, and 
H. Kiessig, KoUoid-Z.. 88 (1939) 40; J. Stauff, Kolloid-Z., 89 (1939) 224; J. W. McBain and O. A. 
Hoffman, /. Phys. cf Coll. Chem., 53 (1949) 39; A. P. Brady,/. Phys. Coll. Chem., 53 (1949) 947; 
W. Philippoff and J. W. Me Bain, Nature, 164 (1949) 885. 

3 W. D. Harkins, J. Chem. Phys.. 16 (1948) 156: M. L. Corrin,/. Chem. Phys., 16 (1948) 844; 
W. D. Harkins and Rose Mittelmann, J. Colloid Sci., 4 (1949) 370; G. S. Hartley, Nature, 163 
(1949) 767. 

3 W. Heller, J. Phys. Chem., 45 (1941) 1203; W. Heller and G. Quimfe, /. Phys. Chem., 46 
(1942) 765. 

* J. D. Bernal and 1. Fankuchen,/. Gen. Physiol. 25 (1941) 111. 



Fig. 26. Effect of KCl and CaClj on 
the long-spacing identity period of 33“u 
emulsions of total lipide. 
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minimum in the potential curves. In no case, however, has a 
crucial experiment been made to distinguish between the theory 
presented here and that of Onsager who only uses the repulsive 
force in combination with entropy effects. 

§ 8. THE INFLUENCE OF NON-ELECROLYTES ON 
STABILITY; SOLS IN NON-AQUEOUS MEDIA 

The addition of non-electrolytes may influence the stability 
in many different ways. 

A change of the viscosity changes the rate of flocculation. 
The change in index of refraction may influence the judgment 
on stability as measured by turbidity or light absorption. But 
even if we neglect these more trivial influences there remain 
changes of the dissociation of the electrolytes (usually a decrease), 
a change in the zero point of charge, in the dielectric constant, 
in the London-van der Waals constant, in the Stern absorption 
potentials etc.^ This makes it difficult to predict even qualitatively 
how the non-electrolytes will change the stability. 

For large concentrations of non-electrolyte or for sols in pure 
non-aqueous media it may be expected that the change in dielectric constant will 
have the most striking influence as this constant may vary greatly between different 
substances and it enters into the equation for the flocculation value (eq. (2) p. 306) in 
the third power. 

Results of Weiser and Mack * on HgS and of Mackor ’ on Agl are indeed in not 
too bad accord with this third power predicition. See Table 9. 



Fig. 27. Formation 
of a network by 
strainsof parallel par¬ 
ticles. 


TABLE 9 


COMPARISON OF FLOCCULATION VALUES (/) IN M MOL/L IN MEDIA OF DIFFERENT DIELETRIC CONSTANTS (e) 


1 

So) 

flocculating 

electrolyte 

^ flocculation value 
medium 1 

flocculation value 
medium 2 

/i /* 

(El Ca)* 

Agl ' 

Na Cl O, ' 

242 water 

1.4 acetone 

100 

51 

HgS 1 

Li Cl 

4.7 methanol 

13 water * (NaCl) 




Ca Cl, 

0.095 methanol 

0.88 water MSrCh) 

1 < 

; u 

1 / 

. lu 

1 

Li Cl 

4.7 methanol 

3.3 propanol 

1-4 2.8 


Ca Cl, 

0.095 methanol 

1 

0.044 propanol 

2.2 

2.8 

1 

Ca Cl, ' 

1 

0.095 methanol 

1 i 

0.0120 pentanol 

7.9 

7.5 


For smaller additions of non-electrolytes the situation is more complicated, the 
behaviour of the sol being then governed especially by the influences on the zero point 
of charge and on the adsorption potentials, which are already changed by small amounts 
of the non-electrolyte, where the influence on the dielectric constant is still negligible. 

Data in the literature seem to converge to a sensitizing of most hydrophobic sols 


‘ H. B. Weiser and G. L. Mack, /. Phys. Chem., 34 (1930 ) 86, 101. 

I E. L. Mackor, Thesis, Utrecht 1951 ; Rec. trav. chim., 70 (1951) 841. 

L, • ^he values for water do not occur in the paper of Weiser and Mack. They have been t.iken from 
H. Freundlich and H. Schucht, Z. physik. Chem., 85 (1913) 641. 
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by most of the non-ionic additions against univalent ions ^ (notable exception: the 
fiocculatton value of negative Agl has increased about 40% by addition of 10% bv 
volume of acetone * *). ^ 

Against polyvalent ions a protection, that is an increase of the flocculation value is 
perhaps the usual thing although there are many exceptions. Kruyt and Van Duyn (l.c.) 
for instance found on the sol of AsjSs a decrease of flocculation values of mono- and 

tri-valcnt and an increase for di- and tetra-valent ions by addition of amyl alcohol, 
phenols etc. 

The difficulty in formulating a general rule is clearly seen from the following table » 
which gives the change in flocculation values for negative Agl sols after the addition 
of several non-electrolytes (— = decrease, -1- = increase, two signs = change > 30%, 
three sings = change > 100%). 


Floccu¬ 
lating 
ion 


Ba++ 

La+'*-+ 

A1+-*-- 

Th-*-+-^+ 


• acetone content 2‘'o 

•• resorcinol content 6.3°<, 

••• urea content 3.2°a 


ethyl 

! isoamyl 

! acetone 

phenol 

resorcinol 

urea 

alcohol 

alcohol 


19 vo! % 

1 1.1 vol % 

1 

3.7% 

2.8% 

4.9% 

7.2% 

1 

1 

4- 



_••• 



+ 

1 

+ -r 

-f- 



- 1 - 


+ 


-1- 

■i ■ 

■h-h 

+ + 



+ + + 

-* + 


+ + 

+ + + ** ••• 

+++ 


Data on the stability of sols in pure non-aqueous media are rather scarce. They 
have been prepared in great variety *. It has been found that small additions of water 
or of dissociating salts (potential-determining ions) make the preparation easier, but a 
systematic investigation of the stability and flocculating conditions is lacking. 

Although some examples of sols in completely apolar media (liquid methane, pen¬ 
tane etc.) have been described * and suspensions of this type are rather common (raw 
mineral oil, used lubricating oil‘, paints and varnishes), by far the greater part of the 
data relate to sols in alcohols, acetone, nitrobenzene and other media with a certain 


‘ H. R. Kruyt and C. F. Van Duyn, Kolloidchem. Beihe/te, 5 (1914) 269; C. F. Van Duyn, Kolloid- 
Z: 17 (1915) 123; H. B. Weiser,/. Phys. Chern.. 28 (1924) 1253; H. Lacks and S. ChwalInski, Z. 
physik. Chem., A 159 (1932) 172; J. N. Mukherjee, S. G. CHAUDHUFY,andS.MuKHERjEE/./ndian. CAe/n. 
Soc., 3(1926) 349; K. C. SEN.y. Phys. Chem., 29 (1925) 517; S. G. Chaudhury,/. Phys. Chem., 32 (1928) 
1481, S. G. Chaudhury and A. Ganculi, y. Phys. Chem., 32 (1928) 1872; S. G. Chaudhufy and 
N. P. Chatterjee, y. Phys. Chem., 33 (1929) 244. 

* E. L. Mackor, lx. p. 331. 

^ W. J. Van Essen, private communication. 

* H. B. Weiser and G. L. Mack, / Phys. Chem.. 34 (1930) 86, 101; The Svedberg, Herstellung 
KoUoider Losungen anorganischer Slof/e, Dresden 1909; H. Fheunplich, Kapillarchemie, 11, Leipzig 
1932, p. 282. 

* See for instance The Svedberg, Herstellirng KoUoider Losungen, Dresden 1909, p. 476 and follo¬ 
wing pages. 

See e.g., J. L. Van Der Minne, Bee. rrav. chim., 65 (1946) 549. 
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dissociating power, so that the existence of sols in the latter media may probably be 
explained in the same way as the stability of the hydrosols. One of the factors which is 
important in these media has already been mentioned in chapter IV, § 6c, p. 165. It is 
a shifting of the zeropoint of charge owing to big changes in the X'Potsntial. 

Some very remarkable sols have been described by Voet. * He prepared stable sols 
of different metals (Pt, Pd) and salts (sulphides, halides) in very concentrated electro¬ 
lytes like sulphuric acid, phosphoric acid, saturated calcium chloride in water etc. 
Dilution with water made these sols coagulate in a short time. There is no theory as to 
the catise of their stability. One might think of an increasing dissociation caused by 
the addition of water. 


§ 9. REPEPTIZATION PHENOMENA 

Repeptization is the phenomenon that a hydrophobic sol, after having been floccu¬ 
lated, can be redispersed by agitation after removing the flocculating agent. In many 
cases repeptization is difficult to bring about or even completely absent. Among other 
things this may be due to rapid ageing or recrystallization of the precipitate. 

In other cases, however, repeptization is relatively easy and it is even the custo¬ 
mary method of preparation of several sols (sulphide sols, VsOj-sol, clay suspensions). 
In order to repeptize a precipitate it is never sufficient to dilute the flocculating electro¬ 
lyte to just below the flocculation value. On the contrary the precipitate must be washed 
out thoroughly so that the concentration of electrolyte is brought to a very small value 
before repeptization can occur. In addition it is often helpful or necessary to add small 
quantities of the potential-determining (therefore also called peptizing) electrolyte. 

Qualitatively this behaviour can be very well derived from the properties of the 
potential curves. Apart from the double layer repulsion and the London-Van Der 
Waals attraction it is necessary to introduce now the short range repulsion (Born- 
repulsion) mentioned in chapter VI because without this short range repulsion the 
flocculated particles would be in an infinitely deep minimum of energy, and repeptiza¬ 
tion would be impossible. 

With the Born repulsion added we may draw a series of potential curves as in 
Fig. 28, where the numbers of the curves give the order of increasing content of electro¬ 
lyte. Let the stable sol be represented by curve 1. Flocculation does not occur until the 
amount of electrolyte has been increased to 4. Decreasing the electrolyte content causes 
the particles to pass through the curves in the reversed order. As the particles are 
flocculated they arc in the deep minimum of energy F and repeptization cannot occur 
until a curve such as no. 1 is reached where the distance between the minimum F and 
the maximum S is not much larger than kT. 

A quantitative * application of this line of thought is still lacking, which is to be 
regretted, as the phenomenon of repeptization could furnish information on the inner¬ 
most part of the potential curves. 

One particular fact should be mentioned here about repeptization, which is of 
great practical importance. Even in those systems where repeptization is relatively easy 
when the sol has been flocculated by monovalent ions, repeptization after flocculation 


‘ A. Voet, Thesis. Amsterdam 1935. 

* Qualitatively this discussiort has already been given by H. C. Hamaker, Pec. trav. chim., 56 (1937) 
3; See also Chapter VI, § 12 d, p. 276. 



Recently Mackop® found that repeptization may be strongly influenced by non-electrolytes. Silver 
iodide, which usually is rather difficult to repeptize, can be easily and completely repeptized when floccu¬ 
lation and repeptizacion are carried out in a medium containing at least 10% of acetone. As this relat¬ 
ively small amount of acetone is expected to act by being adsorbed at the surface, we see here that 
repeptization reacts sensitively on changes in the innermost part of the potential curve as was expected 
from the reasoning given with Fig. 28. 


^ D. Stigter, private communication. 

• H. Fpeundlich and W. Leonhard, Xo//oi</cAem. Beihefte, 7 (1915) 179. 
^ E. L. Mackor, private communication. 
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§ 10. ANOMALOUS TYPES OF FLOCCULATION 
a. Gel formation in systems with anisodimensional particles 

In several hydrophobic sols, especially those with flat or elongated particles it is 
possible to induce gelation by the addition of an amount of electrolyte not quite sufH* 
cient to lead to a normal flocculation. Evidently the partly discharged particles are 
attached to each other at a very few spots, still repelling each other on the main part of 
their surface and thus forming a network which immobilizes the included intermicellar 
liquid. 

That this forni of gelation is closely connected with coagulation is clearly proved 
by the fact that the concentrations of different electrolytes, necessary to bring about 
gelation, obey the rule of ScHULZE and Hardy (Table 12) and Table 13 shows the 
quasi-continuous transition from stability over gelation to flocculation. 


TABLE 12 


COKCEKTRATION OF ELECTROLYTE IN MILLIMOLS/L REQUIRED TO BRING ABOUT GELATION 


AlaO,-sol» 
positively charged 

CeO^sol * 
positively charged 

SiOj-sol» 
negatively charged 

Electrolyte 

cone. 

Electrolyte 

cone. 

Electrolyte 

cone. 

NaCl ' 

! 77 

NaBr 

5 

Na Cl 

100 

KCl 

: 80 

NaClO, 

5 

iNajSO. 

100 

KjSO, 

0.28 

NaCl 

3.5 

BaClj 

15 

K,(COO), 

0.36 

NajSO, 

0.15 



K,Fe(CN), 

0.10 

NajHPO, 

0.16 



K*Fe(CN), 

0.08 






TABLE 13 

CHANCE IN PROPERTIES OF A BENTONITE SUSPENSION BY THE ADDITION OF POTASSIUM CHLORIDE * 


Cone, of KCl 
msllimols/l 

Aspect 

11.9 

Translational BpowNian motion stops 

21.1 

No visible BpowNian motion 

27.4 

Notable aggregation 

37.4 

Flocculation 

1 


It seems improbable that the gelation mentioned in this section is based upon 
flocculation in the secondary minimum that has been treated in § 7b. 5, because the 
concentrations of electrolyte are too high and too near the normal flocculation values. 


^ J. A. Gann, KoUoidchem. Beihefie, 8 (1916) 64. 

* H. R. Kruyt and Miss J. E. M. Van Der Made, Pec. irav. chm.. 42 (1923) 277. 

* H. R. Kruyt and J. Postma, ibidem., 44 (1925) 765. 

* E. A. Hauser, KoUotd-Z . <3 (1929) 57. 
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We may better compare these gelations to slow coagulations stopped by remaining 
repulsions and by immobilization of the particles in the network formed. 

The systems mentioned here often show thixotropy, that is, isothermal reversible 
transformation of sol into gel. Thixotropy will be treated in chapter IX on rheology. 

b. Oriented flocculation 

It is conceivable that with crystalline particles the interaction varies for different 
crystal faces or for different mutual orientations of the particles. In that case slow coagu¬ 
lation might lead to a formation of very regularly and compactly built flocks whereas 
rapid coagulation leads to a loose and irregular coagulum. Jonker ^ probably found such 
systems in very diluted silver halide sols which originally contain very small particles. 
When these sols are prepared with different excesses of halide or silver ions and at 

Mf/flCf/ofl 



Fig. 29. Extinction curve of asol containing 2-10-®mol AgBr per litre, 

20 hours after the formation, against the logarithm of the concentration of 
potential-determining ions. There are clearly two flocculation regions, 
one at pAi;..>5-2 in the zero point of charge, and the other at a slight 
excess of bromine ions which is ascribed to an oriented flocculation. 

such a dilution that the primary particles can be supposed to be monocrystals, not only 
the normal flocculation regions are observed at the zero point of charge and at large 
excesses of silver or halide salt but a fourth flocculation region is found for a small 
excess of the halide ion. This fourth flocculation region is distinguished by the forma¬ 
tion of very dense particles showing a much larger Tyndall scattering than that of the 
more usual flocculations. That this is a real flocculation and not a coarsening (c/. 
chapter VII, § 9) is proved by the fact that the phenomenon is especially pronounced 
at a pAg where the solubility is low and therefore recrystallization cannot be expected 
to be especially strong. Moreover it is repressed by electrolytes in the Schulze-Hardy 


‘ G. H. Jonker, Thesis, Utrecht 1943. 







STABILITY OF COARSE SUSPENSIONS 


337 


§ 11 


order which lower the stability to such an extent, that in the more rapid flocculation 
no opportunity is left for preferential orientation. 

A typical graph demonstrating this region of oriented flocculation is given by 
Fig. 29 representing the extinction of a silver bromide sol as a function of the pAg 
20 hours after the mixing of the solution of silver nitrate and potassium bromide. 


§ H STABILITY OF COARSE SUSPENSIONS 

a. Flocculation 

In principle the stability of suspensions is governed by the same factors as that of 
sols. In practice, however, we find very clear differences between the two sorts of sys¬ 
tems, due to the larger particle dimensions (> 1 (i) of suspensions. Moreover in the 
applications suspensions take a much more important place than sols do. 

The larger particles of suspensions sediment rather rapidly. The flocculation 
velocity of a suspension is slow, owing to the relatively small number of particles. There¬ 
fore the sedimentation velocities of a flocculated and a stable suspension do not differ 
pronouncedly, although in special cases this difference is applied (blood sedimentation). 

There are, however, great differences in the sediments of stable and flocculated 
suspensions. The stable sediments are very closely packed because in forming the sedi¬ 
ment the particles retain their individual freedom and roll over each other until the 
closest packing is reached. The flocculated sediments are more loosely built because 
once the sedimenting particles touch each other they adhere in the haphazard way in 
which they first touched and are no longer able to proceed into a more favourable 
position. 

Although the stable sediment is the denser one, it flows for low rates of shear like a 
(very viscous) NEWTONian liquid, whereas the flocculated sediment on the contrary 
often shows a pronounced yield value and non-NEWTONian behaviour. 

We return to these mechanical properties and their applications in chapter IX. 

It has already been mentioned in § 7a that one might expect fine suspensions 
(1-5 }a) to show flocculations in the secondary minimum, if this h.is not been reduced 
by the retardation correction (see chapter VI, §9c, p. 266). This kind of flocculation has 
not yet been verified experimentally. 


b. Repeptization 

The ease of repeptization of suspensions is remarkable. By vigorous shaking the 
original degree of dispersion may usually be restored, which is an impossibility in the 
case of sols. 

Qualitatively this easy repeptization can be explained in the following way. By 
agitation a shearing motion of the liquid is excited. This causes a force trying to tear 
two neighbouring particles apart, which force is proportional to the radius of the par¬ 
ticles (STOKEs’law) and to the distance between their centres (difference in velocity of 
the liquid). So the separating force is proportional to the square of the radius of the 
particles. On the other hand the attractive force is, at best, proportional to the first 
power of the radius of the particles (London force for spherical particles) and if the 
particles are not very regularly formed the attractive force will soon be independent of 
the overall dimensions. 

This means that there must be a particle-diameter for which the attraction issmal- 
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ler than the hydrodynamic force. If, however, we work out'this picture in a more quan¬ 
titative way, the critical diameter found is too large and of the order of 100 n instead 
of 1 or 0.1 n. This means that, when the particles are very close, the London-Van Der 
Waals force is less steep than we estimated in the foregoing section or the influence of 
short range repulsion by solvation and Born effect is by no means negligible. 

Again in accordance with our picture is the ease of repeptization of even very small 
clay particles ^ (equivalent diameter 20 m |i) because these are in reality blade-shaped 
and therefore may experience a comparatively large hydrodynamic force and a small 
attraction. 

It may be remarked here that although a flocculated suspension is easily repcptizcd 
It is very difficult to redisperse the compact sediment of a stable suspension. This is 
not a case of difficult repeptization, however, (in the sediment the particles are still 
separated by double layer forces) but the sediment is so compact that the particles can 
only be attacked by hydrodynamic motions layer by layer which evidently is a very 
slow process. 


§ 12. STABILITY OF EMULSIONS 

a. Double layer in emulsions 

It has been shown in chapter VI §7, p. 261 that the repulsion between two oiP 
droplets in water or between two water droplets in oil is much smaller than the repul¬ 
sion between two solid particles covered with a double layer. Therefore emulsions of 
two pure liquids are never stable. It is possible to prepare and investigate such emul¬ 
sions in an extremely dilute form, so that the flocculation time will be very large, but a 
reasonably stable emulsion can only be prepared by the addition of at least one compo¬ 
nent more to the system. This third component should be chosen in such a way as to 
change the double diffuse double layer at the oil, water interface into a normal double 
layer m the water phase only. 

This may be effected by the addition of soaps or soaplike substances. These pa¬ 
raffin-chain salts are strongly adsorbed at the interface with their polar ends turned to 
the water. By dissociation of the polar groups the oil phase receives a charge situated 
at the interface and the counter ions form a diffuse double layer in the water. 

A second method to stabilize emulsions of oil droplets in water is the addition of 
finely divided, rather hydrophilic substan¬ 
ces, with a contact angle smaller than 90'^ 
with water. These small particles will then 
be adsorbed at the oil water interface but 
turn their larger parts to the water. Sec 
Fig. 30a. 

Two oil drops covered with these par¬ 
ticles will now repel each other due to the 
double layers on the solid particles. Suitable 

solids for stabilizing oil emulsions are, among others: bentonite, Al(OH) 3 , SiO*. 

A third method for stabilization is the addition of hydrophilic colloids like gelatin 



Fig. 30. Illustrating emulsification by solid 
particles. 

a^contact angle < 90'. Gives oil in water, 
b =contact angle > 90\ Gives water in oil. 


' C. E. Marshall, The colloid chemistry of the silicate minerals, New York 1949, p. 67 ff. 
* By ”oir' we mean here any non-polar or slightly polar liquid immiscible with water. 
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or gum arabic. This method is completely equivalent to the protecting action on hy¬ 
drophobic sols (c/. §4e, p. 316) and, although certainly important in practice (fresh 
Hevea latex for instance is stabilized in this way), will not be further treated here. 


b. Two types of emulsions 

In the foregoing subsection our attention has been concentrated on emulsions of 
oil droplets in water. The reverse system, an emulsion of water droplets in oil is also 
possible. Which of the two types of emulsion is formed on shaking the two phases 
depends primarily on the emulsifier added. The second type of stabilization especially, 
i;(z. the addition of finely divided solids, may be used to stabilize water in oil emulsions, 
when the contact angle with water is larger than 90* so that the major part of the solid 
particles extend into the oil phase. (See Fig. 30b). As stabilizers for watcr-in-oil emul¬ 
sions different forms of carbon (soot, finely powdered graphite), heavy-metal soaps and 
long-chain alcohols or esters may be used. 

The two types of emulsions may be readily distinguished experimentally by one 
of the three following methods. 

a. The electrical conductivity of a water-in-oil emulsion is much smaller than that 
of an oil-in-water system. 

An oil-in-water system is easily coloured by a water-soluble dye and not by a 
dye soluble in oil whereas for a water-in-oil system the reverse is the case. 

Y. An emulsion may be diluted with its continuous phase when this is added in 
pure form. 


c. The stability of an emulsion is not governed by double layer effects alone 

There exist several indications that the stability of emulsions in water is not 
governed exclusively by double layer effects. In the first place the flocculation values 
are usually rather high and when the oil drops are coagulated they do not unite to form 
a coherent layer of oil. Secondly, emulsions may be stabilized by non-ionic detergents 
which, however, cannot be considered as a finely divided third phase but which are 
molecularly or micellarly dispersed in the solution. Finally it seems as if the mechanical 
properties of the interface are important, a condensed fluid film at the interface promo¬ 
ting an oil-in-water system and a rigid film a water-in-oil emulsion *. 

In the prevention of coagulation and especially of coalescence, therefore, the solidi¬ 
ty of the boundary phase between oil and water, must also be considered. This solidity 
may either arise from a solid type of monomolecular layer or from a fairly close packing 
of particles of a third phase as is treated above. 

Quite distinct from the colloid-chemical stability are the effects of gravity on 
emulsions. As the droplets in an emulsion are usually not very small (> 1 [i) the rate of 
sedimentation is comparatively large and the droplets may sink to the bottom or float 
at the surface of the continuous phase without uniting to a coherent layer. This pheno¬ 
menon is called creaming, and in itself is not a sign of loss of stability although the 
processes of coagulation and coalescence may be accelerated by the high concentration 
in the cream layer. 


* J. H.Schulman and E. K. Rioeal, Proc. Roy. Soc. London, B 122 (1937) 29, 46; J. H. Schul- 
Man and E. G. Cockbain. Trans. Faraday Soc., 36 (1940) 651, 661. 
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d. Preparation of emulsions 

Emulsions are prepared by shaking or stirring the two components with the addi¬ 
tion of the emulsifier. It will be clear that a low interfacial tension greatly facilitates the 
breaking up of the phases into separate droplets and thus, although in itself not a 
sufficient reason for stability, will promote the emulsification. The success of certain 
branched-chain emulsifiers may well be explained by the very low interfacial tension * 
(- 0.1 dynes;cm) which they may give because just the branched form of the chain 
hampers the formation of micelles in the solution and therefore allows the activity of 
these branched-chain compounds to become greater than that of the straight-chain 
compounds can ever be. 

Under certain circumstances emulsification is so easy that no external force is 
necessary. One speaks then of ’’spontaneous emulsification”. This does not mean, 
however, that now the emulsion is more stable in the thermodynamical sense than the 
separated compounds. It only means that at the macro interface oiTwater processes 
occur which give rise to local turbulent motions strong enough to break the cohesion 
of one of the phases and emulsify it in the other phase. 

Such processes may be: 

< 1 . A chemical reaction, as occurs in the formation of an emulsion from an oil, in 
which a long chain fatty acid has been dissolved, in a lye solution. The formation of 
the soap at the interface which lowers the surface tension locally, is here the cause of 
emulsification. 

b. The passage through the interface of a substance originally dissolved in one of 
the two phase but which has a great solubility in the other phase. 

c. A modification of b. occurs when the oil is strongly solubilized in the soap- 
containing water phase -. 

It is often desired to prevent creaming by reducing the size of the particles of an 
emulsion. For this purpose several instru¬ 
ments, called homogenizers, have been deve¬ 
loped. They all use the principle of gener- 
atingstrongshearing motion in the emulsion. 

The emulsion drops are then elongated and 
when the elongation passes a certain limit, 

they become unstable and break up into Fig. 31. Two types of homogenizers. 

several small drops. The shearing motion is 

carried out for instance by forcing the emulsion through a narrow slit, or by letting it 
pass through the slit between a rapidly rotating rotor and a stator. (Fig. 31). 

e. Breaking of emulsions and inversion of the emulsion type 

The breaking of emulsions is technically often of the greatest importance either 
to destroy undesired emulsions like those present in natural mineral oils (mostly w/o 
type), or to make a coherent phase of a substance which occurs in or has been prepared 

’ G. S. Hartley, Trans. Faraday Soc., 37 (1941) 130. 

- A. Kaminski and J. W. Me Bain, Proc. Pay. Soc. London, A 198 (1949) 447. 




STABILITY OF EMULSIONS 


341 


§ 12 


in emulsion form (natural and synthetic latices). It is not always sufficient to suppress 
double layer repulsion by the addition of salts, especially not in the case of emulsions 
protected by lyophilic colloids. In addition it is often necessary to apply mechanical 
means in order to destroy the resistant skins at the interface by kneading for instance 
or to change the character of the emulsifier (denaturing of protein layers, addition of 
polyvalent of heavy ions to a soap stabilized emubion, dissolving of the particles of the 
third phase by acid etc.). 

In some instances especially in the manufacture of butter and margarine it is 
necessary to reverse the type of emulsion. Starting with an emulsion of oil in water 
(milk, cream) one arrives at the reverted emulsion of water in oil by acidification, which 
changes the character of the emulsifier, and mechanical action (churning). 



IX. RHEOLOGY OF LYOPHOBIC SYSTEMS 

J. Th. G. Overbeek 

Van Hojf Laboratory, University of Utrecht 


§1. INTRODUCTION 

The most important practical applications of the science of lyophobic colloids arc 
doubtless to be found in the domain of mechanical and rheological properties. This be¬ 
comes immediately obvious when one realizes that the soil, moulding clays, paints, 
varnishes, pastes are lyophobic systems. Unfortunately the theoretical knowledge in 
this field is still rather restricted, although a wealth of empirical data is available. 

One point, however, has become abundantly clear, and that is the fundamental 
difference between stable and more or less flocculated systems. It is as a rule among the 
flocculated systems that interesting properties like plasticity are to be found, whereas 
the rheological peculiarities of stable systems are more often a nuisance than an advan¬ 
tage. Therefore it is the more regrettable that theories, as far as they go, arc only quan¬ 
titative in the field of stable systems, but remain wholly qualitative for flocculated 
systems. This means that one understands the mechanical interaction between a single 
particle and the surrounding liquid or between two particles at best, but not the inter¬ 
action of a great number of particles. 

The rheological properties are described by relations between stress and strain 
(elasticity) or between stress and rate of strain (flow). In the simplest cases these rela¬ 
tions are a simple proportionality as in the viscosity of NewTot^ian liquids or the elas¬ 
ticity of HooKEan solids (see chapter I, § 4c, p. 22, § 4d, p. 28). In the following sections 
we shall, however, mainly be interested in non-linear behaviour, the only exception 
being the NEWTONian viscosity of dilute stable suspensions. 

§ 2. VISCOSITY OF STABLE SOLS 
a. The Einstein equation 

The basis for considerations on the viscosity of suspensions has been given by 
Einstein ^ who calculated the viscosity of a dilute suspension of rigid spherical parti¬ 
cles. Making the assumptions of incompressibility of the system, no slip between the par¬ 
ticles and the liquid, no turbulence, absence of inertia effects, and assuming further 
that the flow of the liquid may be described by the macroscopic hydrodynamical equa- 


1 A. Einstein, Ann. Physik, (4) 19 (1906) 289; 34 (1911) S9\; KoUoid-Z., 27 (1920) 137. Sec^o 
R. SiMHA, KoUoid-Z., 76 (1936) 16, who demonstrated the correctness of eq. (1) also for flow in a 
capillary, whereas Einstein had only derived this equation for a field of flow with coristant rate of 
shear as approximated in a Couette viscosimeter. 
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tions, also in the immediate neighbourhood of the particles, he derived the following 
equation for dilute suspensions. 

71.-^,(1+2.5<p) ( 1 ) 

where r„ is the viscosity of the suspension, vj* that of the medium of dispersion and 9 
the total volume fraction occupied by the spherical particles. It is remarkable that the 
viscosity t], is wholly independent of the size or size distribution of the spheres. 

Derivations of the Einstein equation that are all rather complicated can be 
found in the papers by Einstein and Simha cited above, further in papers by Guth and 
Mark*, by Guth*, by Guth and Simha*, by J. M. Burgers*. We shall not reproduce 
these derivations here, but we wish to draw attention to a single point. 

The velocity of a liquid in a field of flow with a constant rate of shear can be repre¬ 
sented by 

v^=ay 

v ,=0 ( 2 ) 

v.=0 

A particle brought into this field obuins a translatory and a rotatory motion in 
such a way that the total force and the total moment of forces on the particle are zero. 
If this were not so, the particle would be accelerated. 

The motion represented in cq. (2) can be divided into a uniform rotation given in eq. 

(3) and a motion (a simple dilatation) given 
in eq. (4) and represented in Fig. 1 which 
does not exert either a force or a moment on 
a spherical particle in the origin. 

v'y = — i (3) 

w'. = 0 
v", = i ay 

v'y= i ajc (4) 

v".= 0 

The uniform rotation (3) docs not 
contribute to the dissipation as, according 
to this equation, the whole mass of liquid. 
Fig. 1. Dilatory part of a uniform shearing including the particle, rotates as one bloc, 
motion parallel to the x-axis. The dissipation Comes wholly on ac¬ 

count of the dilatory part (eq. (4)) of the 
motion. In the neighbourhood of the particle this dilatory motion has to be modified 
in order to satisfy the condition that no slip occurs at the surface of the particle. It is 

* E. Guth and H. Marx, Ergeb. exakt. Naiarw. 12 (1933) 115. 

* E. Guth, KoUoid-Z., 74 (1836) 147. 

* E. Guth and R. Simha, ibidem, 74 (1936) 266. 

* J. M. Burgers, Second Repori on Viscosity and Plasticity, Amsterdam 1938, p. 113. 
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this modification which causes extra dissipation of energy and which may be inter¬ 
preted as the direct cause of the increase of viscosity represented in eq. (1) 

Fig. 1 and eq. (4) show that, apart from the direction of flow, also the directions 
making angles of 45 and 135° with the flow, are preferred directions. It is in these last 
two directions that the principal axes of streaming double refraction are situated fsee 
chapter III § 3 b, p. 107, this chapter § 2 b, p. 345). ^ 

In the derivations of the Einstein relation the question of the stability of the sus¬ 
pension IS never explicitly mentioned. It is nevertheless an essential condition, because 
m a non-stable system the particles would soon form pairs and higher agglomerates 
especially during viscous flow (see ch. VII, § 6, p. 289) which would increase the vis¬ 
cosity considerably. 

The Einstein equation has been repeatedly tested. The earliest, not very rigorous 
test may be considered to have been given by Einstein himself, who determined 
Avogadro’s number from the viscosity and the diffusion constant, D, of sugar solutions. 
From eq.(l) the hydrodynamic radius, a, of a sugar molecule was obtained and this was 
substituted into the diffusion equation (5). 



1 

6 jc 7} a 



Reversing the procedure and taking Avocadro's number as known, we find with 
the best values at present available ‘ a factor 3.35 in eq. (1) instead of 2.5 which is a 
reasonable agreement. 

Other tests have been carried out by BanceliN * with sols of gamboge, by Od^n » 
with sulphur sols and most extensively by Eirich < and collaborators with glass spheres, 
spores of fungi and yeast cells. 

They all confirmed for dilute suspensions a linear relationship like eq. (1). Eirich 
also confirmed the independence of the size of the sphericalparticles, but for the sulphur 
sols (Oden) the viscosity increased with decreasing size of the particles. The factor of 
proportionality turned out to be 2.9 in Bancehn's experiments; about 4 for Oden’s 
more dilute sulphur sols and very near 2.5 in the experiments of Eirich. It is essential 
to consider only dilute suspensions; as already at a concentration of 2 or 3% by volume 
the deviation from linearity is appreciable. (See §3 a, p. 350). Eirich and Goldschmidt 
(/.c.) showed that with their relatively coarse suspensions the rate of shear must remain 
very low if inertia effects are not to spoil the results. 

Investigations on typical hydrophobic colloids are rare. Those on AS 2 S 3 byBouTARic 
and VuiLLAUME * confirm the Einstein equation, if extrapolated to infinite dilution, but 
show a rapid increase of the viscosity for somewhat higher concentrations. FreuNdlich 
and Kross * found a factor somewhat larger than 2.5 in the case of TiO^ suspensions. 


> L. J. Costing and M. S. Morris, J . Am. Chem. Soc., 71 (1949) 2005. 

2 J. Bancelin, Compl. rend., 152 (1911) 1582. 

3 S. Oden, Der KoUoide Schwefel, Nova Acta Regiae Soc. Sci. Upsaliensis, (4) 3 (1913). 

* F. Eirich, M. Bunzl, and H. Marcaretha, Kolloid-Z., 74 (1936) 276; F. Eirich and O. Gold- 
scHMm, Kolloid-Z: 81 (1937) 7. 

* A. Boutaric and M. Vuillaume,/. chim. phys., 21 (1924) 247. 

® H. Freundlich and W. Kross, Kolloid-Z., 52 (1930) 37. 
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b. Non-spherical particles 


Several authors have extended the calculations of Einstein to non-spherical parti¬ 
cles. The models that have been used are oblate or prolate ellipsoids of revolution, long 
cylinders or a stiff row of spheres The calculations are more difficult than in the case 
of spherical particles, not only in the mathematical sense, but also on account of two 
new physical aspects of the problem. It will be evident that the contribution to the 
viscosity of a long or flat particle depends upon its orientation. This orientation is con¬ 
stantly modified by the “toppling over” of the particles in the field of shear and by the 
rotational BpowNian motion of the particles. The viscosity is therefore dependent upon 
the rate of shear. At low rates of shear, the BROWNian motion prevails and the orienta¬ 
tion of the particles is completely at random. At high shear, however, or for large parti¬ 
cles, the BROWNian motion is negligible and the orientation completely determined by 
hydrodynamics. 

Jeffery * made the first calculations on ellipsoidal particles neglecting BROWNian 
motion. He solved the hydrodynamic problem, determined how the orientation of 
an ellipsoid changes with time and from that calculated the surplus dissipation of 
energy. The viscosity calculated in this way is, however, not constant and depends 
rather sensitively upon the initial orientations. Jeffery therefore did not give an equa¬ 
tion for the viscosity of a suspension of ellipsoids. 

The problem has been taken up by several authors. Boeder® and Kuhn ' both 
determined the mean orientation of the particles in the presence of BROWNian motion. 
At low shear there is a slight preference for orientation of rod-like particles at 45 with 
respect to the direction of flow. At higher rates of shear the angle of orientation dimi¬ 
nishes until in the limit of an infinite rate of shear the particles are practically all the 
time parallel to the direction of flow. Boeder tested this by means of determinations of 
streaming double refraction. Kuhn used the partition function found to calculate the 
viscosity at different rates of shear. 

There is a serious theoretical difficulty in the calculation of the viscosity in the 
presence of BROWNian motion ®. The particle can in principle follow the tangential part 
of the flow pattern, but not the radial part. One might therefore be inclined to include 
only the radial flow in the calculation of the viscosity increase. But if the particle were 
actually to follow the tangential flow, it would be much longer in positions parallel to 
the flow than at right angles to it (Jeffery), and it is just due to the BROWNian motion 
that this preferential orientation is partly or wholly destroyed. Then the paradoxical 
situation presents itself that a BROWNian motion, which in itself should not cause any 
dissipation of energy or an increase in the viscosity, nevertheless, by bringing the particle 
into less favourable positions, is the cause of an increase in the viscosity. This was clearly 
discerned by Kuhn and Kuhn • and by Kramers % but not in most of the earlier work. 


* For the viscosity of flexible chains, see volume II, chapter IV, § 6, p. 106; chapter V, § 6, p. 140; 
chapter VI. § 3, p. 166. 

* G. B. Jeffery', Ptoc. Roy. Soc. London, A 102 (1923) 163. 

® P. Boeder, Z. Phystk, 75 (1932) 258. 

‘ W. Kuhn, Z. physik. Chem., A 161 (1932) 1; Kolloid-Z., 62 (1933) 269. 

''A discussion of the problem is given by H. C. Brinkman, J. J. Hermans, L. J. Oosterhoff, 
J. Th. G. Overbeek, D. Polder, A. J. Staverman, and E. H. Wieoenoa, Proceedings of (he iniernationai 
Congress on Rheology, Holland 1948, Amsterdam 1949, p. II — 77. 

® W. Kohn and H. Kuhn, Helu. Chim. Actu, 38 (1945) 97. 

’ H. A. Kramers, 11 (1944) 1; J. Chem. Phys., 14 (1946) 415. 
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Although therefore the work of Eiseptschitz S W. Ki/hn % Guth and Gold ®, 
Peterlin * ]. M. Burgers ® and Huggins • contains many important features, their 
final equations for the viscosity cannot be trusted. 

It is not quite clear how Simha's ’ work should be judged. He calculates the dissi¬ 
pation for particles which are on the average at rest (which is incorrect, they rotate with 
an average speed given by eq. (3)) but arrives at equations closely resembling those 
obtained by KuhN and Kuhn. 

In the papcff- of Kuhn and Kuhn the viscosity factor (o,—/}»)//:« for a dilute 
suspension of very long prolate ellipsoids is given by eq. (6) 

V..—'Jo _ , ^ , pU 1 1 \ 

5 l31n2p-1.5+ln2p-0.5 ) 

where p is the axial ratio. 

For larger rates of shear where the BROWNian motion does not completely disorient 
the particles they are on the average more in the direction of the flow and then contri¬ 
bute less to the viscosity. Figs. 2 and 3 show for prolate and oblate ellipsoids how the 
viscosity factor depends upon the rate of shear. 



Figs. 2 and 3. Viscosity factor for prolate and oblate ellipsoids of revolution with axial 
ratio p. V is the volume fraction of ellipsoids, r the rate of shear(see eq. 2. p. 343). Dro«, 
the constant of rotational diffussion of the ellipsoids, is for very long ellipsoids app¬ 
roximately equal to Dtoi very flat prolate ellipsoids to Drot - 

^ kT p , ^ ’I . vp 

-g-- ^ where V is the volume of the ellipsoid. For more exact equations see the 

literature cited. 


Recently Riseman and Kirkwood * extended a treatment previously developed for 
coiled macromolecules to the calculation of the viscosity of solutions of rod-like parti¬ 
cles in strong BROWNian motion. Although their method of calculation is beyond 
reproach, it is difficult to compare the results either with other theories or with experi¬ 
ments. They use as a model a series of “pearls” fixed at equal distances on a stiff “rod” 


> R. Eisenschitz, Z. physik. Chem., A 158 (1932) 78; A 163 (1933) 133. 

* W. Kuhn, l.c. p. 345. 

® E. Guth, KoUoid-Z.. 74 (1936) 147; E. Guth and O. Gold, Monatsh., 71 (1937) 67. 

« A. PETERLIN, Z. Physik. Ill (1938) 232; Kolloid-Z., 86 (1939) 230. 

J. M. Burgers, Second Report on Viscosity and Plasticity. Amsterdam 1938, p. 113. 

« M. L. Huggins,/. Phys. Chem.. 42 (1938) 911; 43 (1939) 439. 

’ R. SiMHA,/. Phys. Chem., 44 (1940) 25; Proceedings of the International Congress on Rheology, 
Holland 1948, Amsterdam 1949, p. II —68. 

“ J. Riseman and J. G. Kirkwood, /. Chem. Phys. 18, (1950) 512. 
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which itself causes no friction. Their final equations for the viscosity are expressed 
through an infinite sum, not further evaluated. One can see, however, a similarity in the 
equation of Riseman and Kirkwood and that of Kuhn and Kuhn with respect to the 
dependence of the viscosity on the length of the rods. 

Experimental tests of the rheological behaviour of suspensions of elongated particles 
have been given by Eirich, Bunzl and Margaretha *, who used suspensions of cut 
silk or cut glass threads. As their particles are very long (0.1-1 mm) their results 
should be compared to theoretical values for negligible BROWNian motion. The visco¬ 
sities measured by them are larger than the theoretical ones *, especially for the more 
elongated particles, and in contradistinction to the theoretical prediction, these parti¬ 
cles are not oriented nearly completely in the direction of flow but partly even more at 
right angles to it. It looks as if either wall effects, or too high a concentration are the 
cause of this behaviour. 

A test of eq. (6), that has to be carried out with particles in overwhelming Brown- 
ian motion, can only be given with much smaller particles. Simha ’ compares axial 
ratio's of corpuscular proteins as derived from viscosity measurements (eq.(6)) ‘with 
the axial ratio as determined from the combination of sedimentation and diffusion ex¬ 
periments or from electron microscopic measurements. On the whole the accordance 
is excellent. See Table !• 

TABLE 1. 


Axial ratio's op corpuscular proteins determined by viscosity measurements according to eq. 

(6) ‘ AND BY OTHER MEANS 



Viscosity 




Simha 

Kuhn and 
Kuhn 

sedimentation 
+ diffusion 

electron 
microscope and 
X-ray diffraction 

Egg aJbumin. 

5.0 

4.3 

3.8 


Serum-albumin . . . 

5.6 

5.0 

5.0 


Hemoglobin. 

4.6 

3.7 

3.7 


Amandin . 

6.0 

5.5 

5.4 


Octopus hemocyanin. . 

7.3 

6.8 

7.2 


Gliadin. 

10.5 

10 

10.9 


Homarus hemocyanin 

5.5 

4.9 

5.2 


Helix pomatia 
hemocyanin .... 

j 

5.5 

4.9 

4.8 


Serum globulin . . . 

7.3 

6.8 

7.6 


Thyroglobulin. 

7.9 

7.4 

7.8 


Lactoglobulin. 

5.1 

4.4 

5.2 


Pepsin. 

4.5 

3.6 

2.5 


Helix hemocyanin 

(pH 6,8). 

, 12.0 

11.5 

16.6 


Tobacco mosaic virus. . 

1 20.3 

20 

18.6 

23.0 

Tobacco mosaic virus. . ! 
(partially aggregated) 1 

1 

i 31.5 

1 

31 1 

1 


28.7 


* F. Eirich, M. Bunzl, and H. Margaretha, KoUotd-Z., 75 (1936) 20. 

* See for instance A. Peterlin, l.c. p. 346. 

* U. 1949. 

‘ Actually Simha used an equation with 14 15 instead of 1.6 as in Kuhn and Kuhn’s equation, 
but this does not greatly influence the results (on the whole, it rather improves them). 
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Good experiments on true hydrophobic suspensions of elongated or flattened col¬ 
loidal particles are rare. One might cite here the work of Freundlich and Schalek ^ 
and of Freundlich. Neukirchner and Zocher* on V.Os-sols and on sols of certain 
dyestuffs, where the decrease of the viscosity with increasing rate or shear has been most 
convincingly observed; especially for the aged sols 
which are known to contain the more elongated part¬ 
icles, the effect is very large. However, it is not certain 
that part of this noh-NEWTONian behaviour is not due 
to too large a concentration and a kind of gel formation 
(See also § 5a, p. 356, § 5b. 2, p. 359). 

c. Influence of the charge of the particles 

It is found that the viscosity of a suspension is 
increased if the particles are charged and especially so if 
the medium is poor in electrolyte. This increase in vis¬ 
cosity is called electroviscous or quasiviscous effect. It is 
evidently connected with the existence of a double layer. 

An explanation can be based upon the fact that in a 
laminar field of flow, the outer parts of the double layer 
are drawn away from the particle. The original situation 
in the double layer tends to restore itself by conduction, 
and the dissipation of energy in this conduction 
may be seen as the cause of the increased viscosity. 

For hydrophilic colloids recently a dilferent explanation of the electroviscous effect has been 
suggested, based upon a swelling of the particles under the influence of the electrical repulsion between 
the charges 

Evidently the excess dissipation of energy is proportional to the square of the 
conduction current (—X*) and inversely proportional to the conductivity X. For a sus¬ 
pension of spherical non-swelling particles with radius a, VoN Smoluchowski * gave 
the following equation. 

= 2,5 + ^ ^ y (7) 

T,o'p X ir]<,a* \ 2Tt / 

The correction term may be very important. For a radius of 10“* cm and a con¬ 
ductivity x= 10"* H"* cm-‘ it can easily amount to 10 times the main term. 

Von Smoluchowski published his equation without indicating the derivation. It was 
not until 1936 that Krasnv-Ehgen ® gave a derivation resulting in an equation of the same 
form is eq.(7), but with a correction term that was 3/2 times as large as that of cq. (7)* 



Fig. 4. "Viscosity” of 0.36% VjO, 
sols as a function of the rate of 
shear. The numbers on the curves 
indicate the age of the sol in days. 


* H. Freundlich and E. Schalek, Z. physik. Chem., 108 (1924) 153. 

2 H. Freundlich, H. Neukirchner, and H. Zocher, KoUoid-Z., 38 (1926) 43, 48. 

Vol. II, chapter VII, 1 b, p. 185, § 6, p. 211; W. Kuhn, O. Kuenzle, and A. Katchalsky, 
Bull. soc. chim. Beiges. 57 (1948) 421; Helv. Chim. Acta, 31 (1948) 1994; R. M. Fuoss and U. P. 

J. Polymer Sci., 3 (1948) 246; J. J. Hermans and J. Th. G. Overbeek, Ball. soc. chim. Beiges, 57 (1948) 
154; Rec. trav. chim., 67 (1948) 761. 

■* M. Von Smoluchowski, KoUoid-Z-, 18 (1916) 194. 

* W. Krasny-Ergen, KoUoid‘Z., 74 (1936) 172. 
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More recently, however. Booth ^ reconsidered the whole question and concluded * 
that both Krasny-ErgeN’s and Von Smoluchowski’s results were far too large and 
that the electroviscous effect, although existing, was much smaller than that predicted 
in eq. (7). In particular he finds that the electroviscous effect vanishes irrespective of the 
value of the ^-potential for large particles and for thin double layers. 

His equation reads 


t}o? 


= 2 . 5 + 2.5 9 * 



(1 +)t a)* Z {>c a) 



where a* =--r. 


P IS 



the frictional constant of an ion, and Z is a rather 
complicated functionof xnrepresentedin Fig.5. 

An equation resembling eq. (8) has been 
published by Finkelshtein and Chursin *. 
Their equation, apart from an evident mistake 
in the Chemical Abstracts and a difference of 
about a factor two in the numerical constant, 
is equivalent to the Booth equation for large 
values of ym. 

Experimental investigations on the electro* 
viscous effect have been mainly carried out on 
hydrophillic colloids. 

In investigations by Kbuyt and Buncen- 
BERC DE Jong * it was conclusively shown that 
with increasing concentration of electrolyte the 
viscosity drops to a limiting value, independent 
of the type of electrolyte which is in accordance with equations (7) and(8)but which 
may preferently be explained by a shrinking of the particles (see footnote 3 of page 348). 

More relevant tests have been carried out by Bull * on egg albumin and by 
Briggs • on p-lactoglobulin. 

In both cases the electroviscous effect is about 100 times smaller than that calcula¬ 
ted from eq. (7) and of the order of magnitude following from Booth's equation (8). 
In Table 2 we show the data obtained by Bull compared with the two different theo¬ 
retical estimates. The interpretation of the measured viscosities is based upon the as¬ 
sumption that the increase in viscosity above the value at the iso-electric point is the 
electroviscous contribution. In the I.E.P. the viscosity is about 2 times the value ex- 


Fig. 5. Functions Z (x a) (curve 2) and 
(1 + X a)* Z (x ( 2 ) (curve 1) plotted against 
"’log X a. To be used in eq. (8). 


' F. Booth, Nature. 161 (1948) 83; Proc. Roy. Soc. London. A 203 (1950) 533. 

* The difference in the results of Booth and Kpasny-Ebcen is due to the neglection by the latter 
author of diffusion as a restoring factor in the double layer and to at least one mathematical error. 

N. Finkelshtein and M. P. Chursin, Akad. Nauk S.S.S.R.. Otdel. Tekh. Naak. Inst. 
Mashmovedeniya, Soveschchanie Vyazkosti Zhidkost. i Kolloid Rastvorov. 2 (1944) 43; Chem. Abstracts. 


_ Kbuyt and H. G- Buncenberg de Jong, Z.physik. Chem.. 100 (1922) 250; KoUoidchem. 

«<cAe/ie, 28 (1928) 1; H. G. Bungenbero de Jong. Rec. trav. cbim.. 43 (1924) 189; H. R. Kbuyt and 
H. J.C. Tendeloo, KbUoidchem. Beihefte. 29 (1929) 413. See also Volume II, chapter VII, § 5, p. 203. 
H. B. Bull, Trans. Faraday Soc., 36 (1940) 80. 

..Q Rec. trav. chim., 65 (1946) 591; D. R. Briggs and M. Hanic, J. Phys. Chem.. 

4o (1944) 1. 
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pectcd from the Einstein equation, probably owing to solvation and a certain deviation 
from the spherical form. 


TABLB 2. 

Electfoviscous effect of eog albumin solutions from experiments by Bull ^ and calculated 

ACCORDING TO EQ. (7) (SMOLUCHOWSKI) OH EQ. (8) (BOOTH). 


pH 


-=—^ -5.2 


1 

observed 

1 

calculated 



Smoluchowssi 

Booth 


Without NaCl added 


5.25 

0.0186 

0.6 

40 

0.01 

5.85 


1.8 

169 


6.62 


2.9 

362 


7.72 


3.9 

621 


9.65 


4.6 1 

865 

0.2 

10.20 

0.1661 

4.3 

750 

0.8 

10.85 


3.2 

430 

1.4 

11.16 

i 0.5101 

1 1 

2.5 

282 

1.5 

With 0.01 N NaCl 

5.71 

0.7892 

0.4 

9.6 

0.1 

7.38 

0.7892 


24.7 

1 

8.82 

0.7892 


69 


10.60 

0.8333 

0.3 

60.5 

0.7 


At high salt content the agreement is relatively good with the theory of Booth. 
The bad accordance for the first entries of Table 2 may well be due to an estimation 
of xa, which is too low. 


§ 3 RHEOLOGY OF CONCENTRATED STABLE SYSTEMS 

a. Extensions of the Einstein equation to higher concentrations 

In Einstein’s treatment of the viscosity of suspensions the interaction between 
particles is not taken into account. It is therefore not surprising that eq. (1) holds only 
for small concentrations and that for larger concentrations corrections must be applied. 
Apart from more or less incidental empirical relations * equations with a theoretical 


Jec H. B. Bull, p. 349. 

* See H. Mark, The general chemistry of high polymeric substances, New York, Amsterdam 1940, 
p. 285. H. Mark and A. V. Tobolsky, Physical chemistry of high polymeric systems, New York 1950, 
p. 301; W. Philippoff, Viskositdt der Kolloide, Dresden, Leipzig 1942, p. 169. 
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background have been published by Guth, Gold and Simha Simha *, De Bruyn *, 
Sait6 * and by Vand 

Unfortunately, all these authors arrive at different results and it is none coo clear 
which of their results, if any, should be trusted. In all the papers the hydrodynamic 
interaction between pairs of particles is considered. Simha, VaNd and, to a certain 
extent, De Bruyn, in addition to hydrodynamical also take mechanical interaction 
(encounters between particles, formation of pairs) into account. Usually the extension 
to higher concentrations is given in the form of a second term proportional to to be 
added to the Einstein term 2.5 <?. De Bruyn * expects a simpler equation for the 
fluidity 1/r, and expressed his results accordingly *. 

Probably the most accurate equation is given by VaNd in the form 




= 2.5 9 + 7.349 9’ 


The derivation of this equation starts from a rather straight-forward calculation 
of the increase in viscosity due to a small increment in the concentration and integra¬ 
ting between zero and the flnal concentration. 

The Einstein term is written 

— = 2.5 d 9 or In -^ = 2.5 9 . 

’i •'•.o 

The mutual hydrodynamic interaction of the spheres is accounted for by dividing the 
right hand term through by 1—0.609 9 and the effect of actual collisions by adding a term 
4 (3.125—2.5) 9 * representing the difference in dissipation between one pair and two 
single particles. The collisions are considered to be exclusively due to the hydrodyna¬ 
mic currents. BROWNian motion is neglected. 

Simha who restricts his calculations todumbbell-shaped particles (see, § 3 b, p. 353) 
only mentions that for spheres the 9 * term is expected to have a coefficient larger than 
4.8, which is not in contradiction to Vand's equation. 

Guth, Simha and Gold, who neglected the formation of pairs, derived 


—- = 2.59 'f 14.1 9 * 

De Bruyn postulated for the fluidity an equation of the form 


( 10 ) 


= 1 a? — 69 


( 11 ) 


and calculated the constants a and b from the requirement that at low concentrations 
his equation should merge into the Einstein equation (a — —2.5) and at the concentra¬ 
tion of close packing (? - 0.74) the fluidity should be zero (6^1.55). There exists, 

t Simha, Kolloid-Z., 74 (1936) 266; O. Gold, Disstrtaiion, Vienna 1937. 

K. Simha, J. Research Natl. Bur. Standards. 42 (1949) 409; /. Colloid Sci., 5 (1950) 386. 

H. DE Bruyn, Rec. irav. chim., 61 (1942) 863; Proceedings of the International Congress on 
Rheology. Holland 1948, Amsterdam 1949. p. II 95. 

* N. Saito,/. Phys. Soc. Japan. 5 (1950) 4. 

* V. Vand, /. Phys. <0? Colloid Chem., 52 (1948) 277. 

‘ Sec also J V. Robinwn,/. Phys. & Colloid Chem.. 53 (1949) 1042, and E. C. Bingham, F/uk/ni. 
and^ plasticity, New York 1922, p. 160 ff. who also assumes the fluidity to be a nearly linear function of 
the concentration. 
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however, no theoretical justification for the assumption of the validity of cq. (11) over 
the whole range of concentrations. Consequently De Bruyn’s equation (11) should 
be considered as a semi-impcrical one. 

With Burgers, De Bruyn (l.c. 1949) has derived an equation of the form 

^ 1 —<P 

111 1 + 1.5 <p 

which on expansion passes into 


- - = 2.5 9 + 2.5 9* + . (12) 

an equation that has also been derived by Sait6 . The coefficient 2.5 for the quadratic 
term is however certainly too low as it is already found by Saito in a way analogous to 
that of Vand (see above) without considering actual interaction between pairs. 

Experimental tests do not allow an unambiguous decision between the different 
equations proposed. 

The accurate experiments by Eirich ‘ c.s. with glass spheres lead to values of 9, 
12 and 13 for the coefficient of the quadratic term and do thus reasonably confirm the 
equation by Guth, Simha and Gold, as do more recent measurements on latex emul¬ 
sions *. 

At the other extreme arc monodispersed emulsions of asphalt in water, described 
by Eilers * which are in very good accord with De BrUyN’s cq. (11). 

Vand * finally, with glass spheres in a solution of Znij in water-glycerol mixtures 
finds an empirical equation 

~ = 2.5 9 + 7.17 9* + 16.29* (13) 

flo 

which confirms his theoretical eq. (9) perfectly. 

Vand carried out his experiments using the same glass spheres that had been 
used by Eirich c.s. but in a dispersion medium of very high viscosity (80 cs), which 
increases the reliability of his results. In contradistinction to Eirich, VaND took ac¬ 
count of wall effects in his measurements. 

At the present time a choice cannot easily be made although there might be some 
preference for the work of Vand. But, even in the case with the largest second order 
term (eq. 10), this term for concentrations below 1%, increases the relative viscosity 
{ by less than 1*^/^,^, which is about the usual experimental accuracy. 

The few experiments on true hydrophobic colloids give a larger second order term. 
This might, however, be connected with the electroviscous effect that has not yet been 
calculated in the second approximation^. 

’ F. Eirich, cited from H. Marx, High polymers, Vol. 2, The general chemistry of high polymeric 
substances, Amsterdam 1940, p. 274. 

* H. F. Smith, Rubber Chem. and Technol., 15 (1942) 301. 

3 H. Eilers, Kolloid-Z., 91 (1941) 313. 

* V. Vand, J. Phys. & Colloid Chem., 52 (1948) 300. 

* Recent mensusements by G. J. Harmsen and J. van Scmooten (to be published) proved the 
existence of a large electroviscous effect, proportional to the second and higher powers of the 
concentration. 
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Boutaric and Vuillaume's ^ measurements on AsaSs-soIs can be represented by 

= 2.5 9 + 75 9* 

and Oden's* experiments on sulphur sols lead to quadratic terms ranging between 
30 9* and 60 9 *. 


b. Non-spherical particles 

In the light of the uncertainties on the viscosity of concentrated suspensions of 
spherical particles it is only to be expected that our knowledge of the higher concentra¬ 
tions of elongated particles is still scarcer. 

SiMHA ’ indicated that already from dimensional considerations the viscosity may 
be represented by a series 


=a 9 + ki a*®* -b Atj a® 9* 4-. 

Tie 


(14) 


in which ki, /ta etc. are pure numbers. 

Explicit equations of this type have been given by Eirich and Simha *, based upon 
the equation of Guth for very long ellipsoids in the absence of BROWNian motion 


•»5o 


— = ^ 


2 In 2 /—3 


V' 


!-A 


r- 


(2 In 2/—3)’ 


9* 


(15) 


where A is a constant probably of the order unity. 

Simha * has given a complete derivation for dumbbells and obtained 



r.o 


3 L* ,87 L* 

2 < 2 ® 50 a* 



(16) 


where 2L is the distance between the centres of the two spheres (radius a) of which 
the dumbbell is composed. The equation (16) is derived for small rates of shear and 
large BROWNian motion. 

The experiments with suspensions of glass and silk rods * are not very conclusive. 
As has been mentioned in § 2 b, p. 347 the viscosity extrapolated to very great dilution 
is not in accord with any of the theoretical equations. It cannot be expected therefore 
that higher concentrations will show a better agreement. Empirically Eirich and his 
collaborators find for experiments in a Couette viscosimeter 


=2.5 F 9 -f- 8F®9® 4 40 F® 9’ (17) 

^|0 

where F is a factor dependent upon the axial ratio but not upon size or concentration ot 
the rods. 


‘ A. Boutaric and M. Vuillaume, J. chtm. phys., 21 (1924) 247. 

* S. Od^n, Der kolloide Schwe/el, Nova Acta Regiae Soc. Sci. Upsaliensis, (4) 3 (1913). 

* R. Simha, y. Research Natl. Bur. Standards, 42 (1949) 409; J. Colloid Set.. 5 (1950) 386. 

* F. Eirich and R. Simha, Monatsh., 71 (1937) 67. See also E.Guth, KoUoid-Z., 74(1936) 147. 
® F. Eirich, H. Marcaretha, and M. Bunzl, Kolhid-Z-, 75 (1936) 20. 
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Experiments on the same suspensions in a capillary viscosimeter give essentially 
lower results for the viscosity and a very evident dependence of the viscosity on the rate 
of shear. 


c. Dilatancy 

In dilute stable suspensions the viscosity is purely NEWTONian, except when the 
rate of shear in suspensions of non-spherical particles is high. (See § 2 b, p. 345). 

The behaviour of concentrated suspensions is, however, very different. For low 
rates of shear their viscosity is NEWTONian and more or less accurately described by 
the equations treated in the preceding subsections. But at somewhat higher shearing 
stresses the viscosity increases enormously, so that it is virtually impossible to increase 
the rate of shear above a certain rather low value (see chapter I, Fig. 8, p. 23). 

Osborne Reynolds \ who discovered this phenomenon in 1885 (nota bene, when 
looking for a model of the ether), gave it the name dilatancy. It can be explained in the 
following way. The viscosity of a concentrated suspension is mainly located in the thin 
layers of liquid between adjacent particles. A motion of the system is only possible when 
accompanied by a change in the relative positions of the particles. This leads to local 
increases of the concentration and as the system is already near the closest packing 
these concentration changes lead to a very great increase of the local viscosity. When 
enough of these clusters are formed to lead to a continuous network through the system, 
any further motion is nearly impossible until the clusters are at least partially disinte¬ 
grated. The dispersion of these clusters is caused by repulsive forces between the particles, 
by BROWNian motion if the particles are small enough (—l^t) and by gravity. If the motion 
of the system is so slow that the clusters can be dispersed as soon as they are formed, the 
system will behave as one of low viscosity. At higher rates of shear, however, the dis¬ 
persion of the clusters will be too slow (their time of relaxation too large) so that the 
build-up will outgrow the break-down, and the system will behave as one that is nearly 
solid. 

The phenomenon of dilatancy is especially evident in suspensions (pastes) in 
which, the particles are nearly densely packed. When such a suspension is sheared, it is 
inevitable that most of the particles move farther apart, although some of them come closer 
together. The volume occupied by the framework of particles therefore increases. If 
the concentrated suspension is sheared as such, without excess liquid being present, 
the liquid is sucked in, leaving the exterior of the paste dry. The expansion of the whole 
mass of particles under the influence of shear has given rise to the name dilatancy. It 
can be demonstrated * by bringing a concentrated mixture of sand and water with some 
excess of water in a rubber balloon provided with a glass tube. When the rubber balloon 
is pressed, the liquid level in the glass tube does not rise as would be expected, but 
descends. 

The drying up of a sandy shore around a fresh footstep should also be explained as 
dilatancy. 

A paste of starch in water (about 40% by volume), when gently stirred, shows only 
a slight resistance but turns dry and hard as soon as one tries to stir more rapidly. 


^ Osborne Reynolds, Phil. Mag., (5) 20 (1885) 469; Nature, 33 (1885) 429. 
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A mathematical theory of dilatancy has been given by Reiner 

From general considerations on the functional relation between stress and strain 
or rate of strain, Reiner showed that an obvious generalization of the simple NEWTONian 
liquid leads to a liquid in which a simple shearing stress produces in addition to a simple 
shearing rate of strain, a change of volume (or at constant volume, a change of pressure), 
a dilatation proportional to the rate of strain. 

Reiner's theory does not lead to specific considerations on the composition of the 
systems for which dilatancy is to be expected. 

In our explanation of dilatanc)' the condition of stability is essential, because only 
stable suspensions can give a sediment which is dense enough (see § 5b, p. 357) to show 
dilatancy. In a flocculated system the concentration of particles remains too low. 

The necessity of stabilization before dilatancy can occur is quite evident in an in¬ 
vestigation by Verwey and De Boer *. They could change a suspension of iron or other 
powders in apolar liquids like carbon tetrachloride or benzene from a plastic (thixo¬ 
tropic, vide infra) to a dilatant state by adding traces of the stabilizing oleic acid 

Roder* carried out an extensive investigation on the dilatancy of suspensions of 
starch and quartz in water. He found that dilatancy was limited to a very small range of 
concentrations, e.g. to the range between 38% and 44% by volume of rice starch or to 
41-45% by volume of quartz (diameter of the particles 1.5-5 ix). He remarks that ano¬ 
ther condition for typical dilatant behaviour is a low viscosity of the medium of dis¬ 
persion. When the medium is very viscous itself, the rapid flow necessary to evoke 
dilatancy is impossible. 

The fascinating phenomenon of quicksand, although judged to be caused by 
thixotropy by Freundlich and Juliusburcer * (see § 5 d, p. 363) may in certain cases 
be very well explained by dilatancy, giving way as it does to continued pressure, but 
resisting strongly any vehement motion. 

Dilatancy has found no practical applications, on the contrary, it is often troub¬ 
lesome. In several cases, where stable concentrated suspensions have to be used (dif¬ 
ferent paints, white ink) they form, on standing, a densely packed dilatant deposit, 
which can only be redispersed with great difficulty. 

If a system with a tendency to dilatancy is fed into a colloid mill (chapter II, § 1 b, 
p. 60), the mill may come to a standstill on account of the high resistance offered by 
rapid shearing. 

In such cases it may be advisable to destroy the stability at least to a certain extent 
in order to avoid these difficulties. 

§ 4. THE SEDIMENTATION VOLUME OF STABLE AND FLOCCULATED 

SYSTEMS 

The sedimentation volume forms one of the characteristic differences between 
stable and flocculated suspensions (see chapter VIII,§ 11 a,p. 336). In a stable suspension 

‘ M. Reiner, Am. J. Math.. 67 (1945) 350. 

* E. J. W. Verwey and J. H. de Boer, Rec. irav. chtm., 57 (1938) 383. 

Actually as a consequence of the much denser p.icking of a stable system when compared to .i 
flocculated one (see § 4, this page) the dilatancy was only evident after partial settling of the stabilized 
system and decanting of the supernatant liquid. 

* H. L. Roder, thesis, Utrecht 1939; H. Freundlich and H. L. Ruder, Trans. Faraday Soc.. 34 

(1938) 308. * 

H. Freundlich and F. Juliusburcer, Trans. Faraday Soc., 31 (1935) 769. 
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sedimentation is slow, and the particles arriving at the bottom of the vessel remain 
apart by the same forces that prevent their aggregation (in many cases this is the double 

layer repulsion). This entails that the particles by rolling over one another are enabled to 
find the position of minimal potential energy and thus the sediment becomes very dense. 

A flocculated system, on the contrary, sediments more rapidly, owing to aggregate 
formation, and the sediment is bulky because the particles preserve the haphazard 
positions in which they touched each other for the first time. 

The difference is most obvious for intermediate particle dimensions. Coarse parti¬ 
cles may be too heavy to allow any very loose packing, and with very fine (colloidal) 
particles, sedimentation of the stable system is often so extremely slow as to be virtually 
unobservable. 

The influence of stability upon the sedimentation volume has already been recog¬ 
nized and applied to soil colloids by Ehrenberg *. 

A typical example of the difference in sedimentation volume is given by Roder *. 

40 grams of quartz particles (diameter 1 -5 ji) stably dispersed in 25 vol. water settled 
in about six hours to a sediment with a height of 8.5 mm containing 54% by volume of 
quartz. 

The same amount of quartz in 25 vol. wet ® CCU (unstable suspension) reached in 
15 minutes a final sedimentation height of 53 mm corresponding to 7% by volume of 
quartz. 

Ryan, Harkins and Cans * obtained similar data on titania and other pigments, 
dispersed in organic liquids. See, for a discussion of these experiments, § 5 b, p. 357. 

Kruyt and Troelstra ’’ used the sedimentation volume to distinguish between 
several grades of loss of stability of negative silver iodide sols. In flocculations with K'*’, 
Ba'^'*', Al '""'*' and Ag"*" they found sedimentation volumes increasing in this order, 
indicating that the discharge by Ag'*' leads to a completely unstable sol, whereas com¬ 
pression of the double layer by Al-*--^-*- or Ba++ still leaves a slight repulsion. In 
flocculation by K'^ a marked repulsion is left as is proved by the high density of the 
sediment. 


§ 5. NON-NEWTONIAN FLOW AND VISCO-ELASTIC BEHAVIOUR OF 

FLOCCULATED SYSTEMS 

a. Flow 

The typical difference in rheological behaviour between stable and unstable sus¬ 
pensions is caused by the tendency towards formation of aggregates in the latter systems 
In dilute systems this difference is not striking because there aggregation is slow (see 
chapter VII, p. 278, on Rate of flocculation) and either has not proceeded very far, or if 
it has, has resulted in a large scale separation into two phases, after which rheological 
measurements are rather meaningless. 


‘ P. Ehrenberg, Die Bodenkolloide, 3rd ed., Dresden 1922. 

- H. L. Ruder, thesis, Utrecht 1939, p. 55. 

^ See H. R. Kruyt and F. G. van Selms, Rec. irav. chim., 62 (1943) 407, 415. See also this 
chapter § 5 b, p. 357. 

■' L. W. Ryan, W. D. Harkins, and D. M. Cans, Ind. Eng. Chem., 24 (1932) 1288. 

•’ H. R. Kruyt and S. A. Troelstra, KoUoidchem. Beihe/le, 54 (1943) 225. S. A. Troelstra, 
thesis, Utrecht 1941, p. 70. 
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In more concentrated systems, however, which for that matter are never as con¬ 
centrated as stable ones can be (see § 3 c, p. 354; § 4, p. 355), the rate of aggregation 
is so large that even in flow the aggregates do not completely disappear. Moreover, 
the formation of aggregates does not necessarily result in a phase separation, but the 
aggregates may form a coherent network through the whole system which then obtains 
the properties of a gel or paste. 

These concentrated systems (pastes, salves, creams, putty, paints, moulding clays 
etc.) borrow their considerable practical importance just from these rheological pro¬ 
perties, in casu from their plasticity. As has been pointed out in chapter I, §4 c 1, p. 22 
plasticity is characterized by a viscosity which decreases with increasing rate of shear 
and usually by the presence of an actual yield stress, i.e. a minimum shearing stress 
necessary to cause a finite rale of shear. When these systems are subjected to higher 
shearing stresses, their mobility is relatively large, of the same order as that of the dis¬ 
persion medium. They are thus easily deformed and modelled, but retain their form 
when left to themselves. This is in striking contrast to tough systems like syrups, tar, 
glass in the transition interval etc., which are purely NEWTONian liquids with a very 
high viscosity but without a yield value. They flow at the command of the smallest 
stresses but even for large stresses their flow remains exceedingly slow. 

The rheological characterization of plastic systems cannot be given by a single con¬ 
stant. It is necessary for this purpose to give the whole D-t diagram (relation between 
rate of shear and shearing stress) and often even the manner in which the D-t diagram 
depends upon the previous history of the system (See § 5 d, p. 363, thixotropy). 


b. External influences on gel formation and plasticity 

b. 1. Flocculating agents 

Just as it is usually more difficult to prepare stable sols than flocculated systems, 
there is more chance of obtaining a plastic or at least a flocculated system in preparing a 
concentrated suspension than a stable, dilatant one. The agents promoting the floccu¬ 
lated state are the same as those for dilute colloidal systems and have been treated ex¬ 
tensively in chapter VIII. We only draw attention again to the influence of elec¬ 
trolytes in aqueous suspensions according to the rule of Schulze and Hardy (e..?. 
chapter VIII, § 10 a, p. 335). 


With (he concentrated systems treated here, the electrolytes present often manifest themselves 
more clearly in lomc exchange than m the intermtcellar liquid. Calcium clays, for instance, are usually 
plastic, whereas sodium clays may be stable. In arable land a sufficiently open structure of the soil is 
important for the free circulation of waterand air. The soil colloids should therefore be in the tiocciilatcJ 
state, which normally is maintained by the presence of Ca**. One of the big dangers of inund.ition 
by sea-water is the exchange of Ca* • against Na"*". As long as the sodium chloride content remains 
high, the flocculated state is preserved, but when after the reclaiming of the flooded region the NaCI is 
washed away by the rain, the soil colloids are stabilized and a slight mechanical action may then bring 
them into a dense packing which is unsuitable for plant-growth. With the knowledge of these f.ict.s 
the remedy is evident. It consists in addition of Ca •' ions (in the form of gypsum) to ihe soil soon 
after the reclaiming and before mechanical tillage. 


In addition to the flocculating agents discussed in chapter VIII, we wish to tre.at 
here the influence of a third phase on stability more extensively. This factor, which has 
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been thoroughly investigated by Kruyt and Van Selms S may be of great importance 

in practice, because in the preparation of suspensions in oils (e.g. paints) the presence 

ot traces of water is not easily avoided and these traces may be sufficient to act as a 
flocculating third phase. 

Kruyt and Van Selms measured among other things D-t curves for suspensions 
ot finely powdered quartz in an oil of the same density (CaHjBr^—CjHjCh) with the 
addition of smallaraounts of water. Water destabilizes the suspension, as is evident from 
the yield sjrcss increasing with the water content of the system. In addition it may be 



$iwi ftt a/titfVfy umts 

n diagram of suspensions of quaru in mixtures of CjHjCU and 

with the addition of small amounts of water, measured in a H6 ppl£R 
type viscometer with variable inclination (F. G. Van Selms and H. R. Kruyt, 
Ptc, trou. chifn.f 62 (1943) 398). In all experiments the volume ratio quarte^oil 
was 1:8. The numbers along the curves give the water content in weight percent 

calculated on the quartz. 


remarked that the increase in yield stress is accompanied by a relatively small increase 
in viscosity above the yield point, showing that the viscosity of the system^ once it has 
been made to flow, is not essentially larger than that of a stable suspension of the same 
concentration. 


o/V 




The flocculating action of the water is governed by the hydrophily of the quartz. 
In the apolar medium the quartz particles are preferentially covered by a layer of water, 
but then the system contains a big interface watcr/oil, which can be diminished by 
coalescence of the water layers. As no stabilizer for the water-in-oil system is present, 
this coalescence will take place and any 
relative displacement of the particles be¬ 
comes difficult because this would imply 
an increase in the water/oil interface. 

The experiments of Ryan, Harkins 
and Cans * on the sedimentation volume of 
titania in oils with different additions (see 
§ 4, p. 355) lead to the same picture. In 
apolar oils the sedimentation volume is in¬ 
creased by water in amounts of 0.06—26 % calculated on the pigment. The sediment 
becomes denser (stability increased) on addition of polar substances (methanol, 
acetone etc.) which increase the solubility of water in the oil or of substances like 
metal soaps, oleic acid, which are known to stabilize water-in-oil emulsions. 





Fig. 7. Illustrating the decrease of the interface 
water/oil by coalescence of the water layers 
around two particles. 


‘ H. R. Kruyt and F. G. van Selms, Pec. uav. chim., 62 (1943) 407, 415. 

* L. W. Ryan, W. D. Harkins, and D. M. Gans, Ind. Eng. Chem., 24 (1932) 1288. 
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In order to explain certain capillary properties of wetted soil, Versluys ‘ had cal¬ 
culated how small amounts of water are distributed in the interstices between masses of 
spherical particles. Using this calculation, Kruyt and Van Selms* could obtain a semi- 
quantitative explanation of the influence of the third phase on the rheological properties 
of suspensions. 



Fig. 8a. Starch (polar) in an apolar oil (xylene). 
Left: Completely dry. Fluid. 

Right: Surch contains 12% water. Solid. 



Fig. 8b. Coal (apolar) in water (polar). 

Left: No third phase present. Fluid. 

Right: After the addition of xylene (5% on coal). Solid. 

A very eloquent demonstration * of this phenomenon is shown in Fig.8, where a 
suspension of starch (polar) in xylene (non-polar) appears to be fluid when completely 
dry but solid after the addition of water. Conversely a fluid mixture of coal (apolar) in 
water (polar) is solidified by the addition of some xylene. 

b. 2. Size ana snape of the particles 

The size of the particles does not have a very typical influence on plastic behaviour 
and gel formation. There seems to be no lower limit to the particle size for giving a ge- 


‘ J. Versluys, thesis, Delft 1916. 

• H. R. Kruyt and F. G. van Selms, Rev. trav. chtm., 62 (1943) 415. 
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“nditions. The upper Umit is simply determined by the 

shaoS^DartVr^Vl.'"”''^ niatcrial is needed with rod-shaped orplate- 

shaped particles, than with round or cubic ones. Moreover, if long-ranee attrSe 

elnrga,”pe o7tL7aVtwt 

and systems will have a comparatively high yield stress 

^nrh h i “• concentrations the yield strL Ly risTS 

remams’fea'sonrX'low'" 
of betrpu^nt'iStllu “logue°' 

and a^^hTtSowingLmuTa" ““ -P'''-"- 



rod A amount of salt is present, it forms a colloidal solution, containing 

rod-shaped particles. The solution shows streaming double refraction. Concentrated 
solut^ns may gel and a paste of the dye with water is typically pUstic. 

The analogous substance derived from meta-tolidine does not have elongated par¬ 
ticles m solution even when large amounts of salt have been added. It does not gelati¬ 
nize and does not possess the plastic properties but gives a dilatant paste. 


6.3. Influence of concentration 

As the typical mechanical properties of flocculated systems are connected with the 
formation of coherent network structures, the concentration of the dispersed phase is 
evidently of great influence. If the concentration is low, flocculation will be the result 
of loss of stability. At higher concentrations, however, a gel or paste will be formed. In 
Table 3 data obtained by Freundlich * are given, from which it appears thataniron 
hydroxide sol is flocculated at a concentration of 0.5%. whereas at a concentration of 
0 „ It sets to a thixotropic {vide infra) gel. 


’ T- Mills, Proc. Roy. Soc. London. A 131 (1931) 576, 596; H. Fbeund- 

LiCH, y. Soc. Chem. Ind. London. 53 (1934) 222 T. 


- M. Fbeundlich, Thixotropy. Paris 1935, p. 7. 
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TABLE 3 


Gel formation and flocculation in iron hydroxide sols 


Electrolyte 

Flocculation value 
in miliimols/litre 
sot cone. 4.92 g Ft20^ 
per litre 

Salt concentration in miliimols/litre 
causing gelation after 400 seconds 
sol cone. 52.6 g Fe 203 
per litre 

NaCl 

325 

45 

KCl 

350 

45 

KBr 

500 

62 

NaOH 

6.5 (reversal 
of charge) 

18 

Na^SO. 

3.25 

12 

Na^ oxalate 

2.75 

9.5 

K) citrate 

1.7 

7 


Drilling muds S which are used in drilling bore holes for oil wells, need a yield stress 
in order to prevent scdimenution of the clay and the cuttings when the drilling is tem¬ 
porarily stopped and a low viscosity above the yield stress, so that no energy is dissipated 
unnecessarily. They contain therefore an amount of clay just sufficient to give a weak gel. 
This amount depends strongly upon the quality of the clay and varies between 2% for 
highly swelling finely divided bentonites and 30% for the coarser kaolinitic types of clay. 

According to Norton, Johnson and Law¬ 
rence * the yield stresses of certain kaolinite 
suspensions are proportional to the third power of 
the clay concentrations. 

Yield stress=/c c®, 

the proportionality constant, k, increasing strongly 
with decreasing size of particles. 

Wilson and Hall’ give an example in which 
the dependence of the yield strength on the clay 
concentration is still stronger, the yield strength 
increasing about six-fold for an increase in con¬ 
centration from 45 to 50® a- See Fig. 9. 

The sensitivity of the plastic properties upon 
concentration have even induced Atterberc * to 
introduce certain specified concentrations as a measure of the plasticity of clays. A 
clay is characterized by its “plastic number”, which is the difference between the 
“upper” and “lower” plastic limits”. The upper plastic limit is the moisture content 
at which the yield stress just becomes measurable. At the moisture content corres¬ 
ponding to the lower plastic limit, the yield stress is so high that the clay has lost 
its plastic deformability. 


Rett fiok/ 
M cmVsee 



Fig. 9. Influence of concentration of 
clay on yield stress and on viscosity. 


‘ See D. H. Larsen, in 1. Alexander, Colloid chemistry, theoreiical and applied, vol. 6, New 
York 1946, p. 510. 

^ F. H. Norton, A. L. Johnson, and W. G. Lawrence, /. Am, Ceram. Soc., 27 (1944) 149. 

* R. E. Wilson and F. P. Hall, /. Am. Ceram. Soc., 5 (1922) 916. 

* A. Atterbero, Die Plastizitht der Tone, Intern. Mut, Bodenk., 1(1911) 10. 
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One would expect the upper plastic limit to be close to the concentration of a free 

at the clay, because the sedimenution does not proceed further than the point 

at which the sediment acquires a certain solidity. ^ 


c. Properties of gels and pastes 


c. 1. Swelling 


In most of the systems treated in this chapter, swelUng is not a very pronounced 
phenomenon. One associates swelling in the first place with lyophiUc colloids, and with 
good reason see vol. II, chapter XII, § 6 b, p. 556). A partially or wholly dehydrated 
mass of particles may take up again a certain amount of Hquid (imbibition) but a regular 
sweHing, that is an mcre<ue in volume, does not easily occur, because in the formation 
of the network the junction points are usually of the irreversible type, preventing any 

extensive change of shape of the whole network. t' h 3 


In clays, however, swelling is not an uncommon phenomenon and it is especially 
pronounced in the clay minerab of the bentonite type. These minerals have, like all 
clays, a sheet structure, but m bentonites the possibility exists of taking up a continu¬ 
ously varying amount of water, up to 4 complete monolayers* between successive 
sheets of the montmorillonite lattice, thus leading to an actual swelling of the particles. 

Apart from this internal swelling, swelling between particles can also exist. Kao- 
Imitic clays e.g. show swelling without detectable changes in the lattice and in mont¬ 
morillonite the swelling may proceed much farther than corresponds to the uptake of 
the four layers of water that are indicated by X-ray diffraction *. 

Mattson S who measured swelling pressures of bentonite, found a linear relation 
between the logarithm of the water content and the logarithm of the swelling pressure. 
At high water content there is a deviation from linearity, pointing to a limited swelling 
caused by attractive forces. 


Analogous data exist for kaolinite * and Putnam' clay ». 

The type of cation present in the cUys influences the swelling. Hydrogen clays do 
not swell, or only very slightly. Neutralizing with sodium or potassium hydroxide in¬ 
creases the swelling enormously. Exchange of monovalent ions against divalent ones 
decreases the swelling again. This points to a strong influence of the double layer in 
these phenomena •. 

Swelling of clays occurs not only in water but also in other polar solvents like 
methanol, etc. This kind of swelling has been investigated by X-ray diffraction, and 
the uptake of polar liquid has been proved to be restricted to I or a small number of 
monomolecular sheets in the lattice. The swelling between particles has not been inves¬ 
tigated. 


* S. B. Hendriks and M. E. Jefferson, Am. Mineral., 23 (1938) 863 

W. F. Bradley. R. E. Grim, and G. L. Clark, Z. Krist.. 97 (1936) 216 

* J. Merino, Trans. Faraday Soc., 47 B (1946) 205. 

* S. Mattson, Soil Sci., 33 (1932) 301. 

* F. H. Norton and A. L. Johnson,/. Am. Ceram. Soc., 27 (1944) 77. 

® C. M. Woodruff, Soil Sci. Soc. Am. Proc., 5 (1940) 36. 

See C. E. Marshall, The colloid chemistry of the silicate minerals. New York 1949 p. 157. 
■ D. M. C. Mac Ewan, Nature, 162 (1948) 935. 
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c. 2. Electrical and optical properties of gels 

Optical properties which have a certain importance for these systems are streaming 
birefringence, which has been discussed in chapter III,§3b, p. 109, the changes in turbi¬ 
dity during the imbibition of a silica gel, which has been treated in volume II, chapter 
XII, § 6a. 3, p. 529, and the remarkable colour effects detected by Coelinch, that 
are due to interference in thin ''gels" at different stages of imbibition, which are dis¬ 
cussed in the same chapter (p. 531 ff.) 

The experimental material on the electrical properties of the systems discussed 
here is rather scarce. As a rule, electrical conductivity and dielectric constant are what 
should be expected for a mixture of two phases of the given composition. No conspicu¬ 
ous change takes place during the transition from the sol to the gel state as has for in¬ 
stance been verified by Kistler * on the dielectric constant of thixotropic (see § 5 d) 
AltO,, FetOs and bentonite gels. 

VoET *, however, experimenting with different suspensions of pigments in oils, 
found the dielectric constant of unsuble systems to be higher in rest than when sub¬ 
jected to a shearing motion. He explains this difference as a consequence of the elonga¬ 
ted form of the agglomerates which are disturbed in shear and are re-established in 
rest. The effect is not given by pure NEWTONian systems where presumably agglome¬ 
ration is absent. 

An analogous case has been reported of a thixotropic suspension of graphite in oil, 
which was insulating when liquid, but conducting after solidification (see § 5d. 4, p. 367). 


d. Thixotropy 
d. 1. The phenomenon 

In many cases gels can be liquefied by shaking or other mechanical action but they 
return to the gel state more or less rapidly after the mechanical disturbance has ceased. 
PtTERFi * suggested the name thixotropy (changing by touch) for this ''isothermal rever¬ 
sible sol-gel transformation”. 

Although thixotropy had been observed several times before the first more 
systematic investigation dates from 1923, when Szecvari and Schalek * published 
their work on the thixotropy of concentrated iron oxide and other oxide sols, where 
gelation is brought about by the addition of electrolytes. 

Thixotropy is found both in gels derived from true hydrosols in the proper sense 
as in concentrated suspensions of coarser particles. 

It occurs preferentially, although perhaps not exclusively, in systems with 
elongated (flat or long) particles. It is explained either by a certain slowness of gel for¬ 
mation, which may be based upon the analogue of slow flocculation (see chapter VII, 
§ 2 and 3, p. 283 ff.) or upon the rareness of encounters between particles due to slow 
BROWNian motion. 

> S. S. Kistler,/. Phys. Chem., 35 (1931) 815. 

^ A. VoET, Proceedings of the International Rheological Congress, Holland 1948, Amsterdam 1949, 
11—15;/. Phys. Colloid Chem., 53 (1949) 597. 

^ T. PtTEBFl, Arch. Entwicklungsmech. Organ., 112 (1927) 689. 

* See H. Green and R. N. Weltmann, Thixotropy, in J. Alexander, Colloid chemistry, theoretical 
and applied, vol. 6, New York 1946, p. 328. 

* E. Schalek and A. Szecvari, Kolhid-Z., 32 (1923) 318; 33 (1923) 326. 
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The fact that in thixotropy the contacts between the particles are difficult to form 
exp ains also their comparative rareness and thus the case with which these few contacts 
are broken again by mechanical disturbance. 

To simplify the statement we assumed here that in the network formation actual 
contact between the particles is established, but there may also exist cases where a 
simple juxtaposition of particles is sufficient to keep them together by long range forces 
(see chapter VIII, § 7b. 5, p. 330). Rather typical for this possibility is an observation 
by Hauser h that in a thixotropic suspension of bentonite two particles that are close 
to each other gradually loose their visible BpowNian motion, although there is no ma¬ 
terial contact between them. 

The same observation has also been made by Schalek and Szegvari (l.c.) on the 
thixotropic sol of VjOs. 

It is uncertain whether thixotropy is of perfectly general occurrence in any gelling 
system. It looks indeed as if this might be the case, with the restriction that there are 
systems (especially the coarser ones) with negligible setting time, which is distinguished 
from the usual thixotropy with finite setting time by the name “false body” 

d. 2. Measurement of thixotropy 

A quantitative estimate of thixotropy should at least contain two different kinds 
of information, one about the strength of the gel formed, and the other about the rate of 
solidification. In the determination of the time of solidification, introduced by Scha¬ 
lek and Szegvari and much used by Freundlich, the rate of gelation is measured, but 
all different samples are compared at one and the same gel strength. 

In this method the time is determined in which in a test tube of standardized 
dimensions a sol sets to a gel that is just sufficiently solid not to flow out when the 
tube is held upside down. The method gives a good idea of the rate of solidification 
and is extremely simple. 

In a method of investigation introduced by Pryce Jones * the inner cylinder of a 
CouETTE viscometer is turned through a certain angle out of its equilibrium position. 
After a certain time of waiting the cylinder is released, and the rate of its return to 
the equilibrium position is reco. Jed. When the gel strength is zero, the cylinder 
returns to its equilibrium position. After a waiting time, the rate of return is slower 
and the cylinder stops before the normal zero is reached. This is illustrated in Fig. 10. 

Van Selms and Kruyt * applied the principle of the rolling sphere viscometer 
(Hoppler viscometer) to thixotropic or ratht to false body systems. The method 
allows one to obtain D- t curves though not on an absolute scale. Consequently it gives 
a measure for the gel strength and if the measurements are repeated after different 
waiting times, also for the rate of solidification. 

Goodeve and Whitfield *, reasoning that even during the measurement of 
viscosity the gel is building up, tried to find a measure of viscosity from a single D-r 
curve, where each set of values corresponded to the stationary state reached after a 


' E. A. Hauser, Kolhid-Z., 48 (1929) 57. 

2 J. Pryce Jones, y. Oi7 & Colour Chemists’ Assoc., 17 (1934) 305; 19 (1936) 295. 

“ J. Pryce Jones, J. Oil & Colour Chemists' Assoc., 17 (1934) 305; Proc. Univ. Durham Phil. 
Soc.. 10 (1946) 427—467. 

* F. G. VAN Selms and H. R. Kruyt, Rec. trav. chim., 62 (1943) 398. 

C. F. Goodeve and G. W. Whitfield, Trans. Faraday Soc., 34 (1938) 511. 
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Fig. 10. Deflection-time curves for 
a thixotropic system. The curve mar¬ 
ked 0 is a truly exponential return to 
equilibrium. After waiting for periods 
of 1, 5, 25 and 125 minutes, the return 
is slower, not exponential and does 
end in a hni te deflection,as for instance 
in the 125 min curve, where the part 
A B is already parallel to the abscissa. 


sufficiently long time of shear. The building up of 
the gel should then just be equal to the breakdown 
by shear. The method, although having the advan¬ 
tage of avoiding long waiting peroids, has been 
severely criticized by Green and Weltman (/.c., 
p. 363), who remarked that the coefficient of thixo¬ 
tropy used by Goodeve and Whitfield is not 
different from a Bingham yield value and that 
consequently their method gives no information 
on the rate of solidification. Any plastic system is 
therefore classified as thixotropic by Goodeve and 
Whitfield and it seems more useful to reserve this 
name for systems with a typical slow build-up. 

Green and Weltman themselves also apply 
the CouETTE viscometer to characterize thixotropy 
but they let their systems gel during different 
periods, then break down the structure partially by 
shear of different strength and durations and deter¬ 
mine the residual rheological properties at a lower 
rate of shear. 

In conclusion we might say that we do not 
yet possess a universal method for measuring thixo¬ 
tropy but that a very typical feature of the pheno¬ 
menon is conveniently measured by the "time of 


solidification". When more information is wanted, 
determination of a series of consistency curves (Pryce Jones, Van Selms and Kruyt, 
Green and Weltman) seems to be more to the point than the application of the single 
consistency curve method of Goodeve and Whitfield. 


d. 3. Influence of certain additions and of the temperature 

upon thixotropy. 

As thixotropic gelation may be considered as a form 
of flocculation, it will cause no surprise that it is very 
sensitive to all kinds of additions. In the first place the 
time of solidification, 0, is strongly dependent upon 
the concentration of electrolyte, c, according to the 
empirical equation * 

log 0 = A — Be. 

This equation, which describes the experiments* 
very well (see Fig. 11) resembles the equation derived by 
Reerink for slow flocculation (see chapter VIII, § 5, 
p. 319) except that Reerink finds log c instead of c. For 
the very small range of concentrations covered in Fig. 11 



5 10 IS 


C ift 

Fig. 11. Time of solidification of 
an iron oxide sol as a function of 
the concentration of electrolytes. 


' E. ScHALEK and A. Szecvabi, KoUoid-Z.. 33 (1923) 326. 
* H. Fpeundlich, Thixotropy, Paris 1935, pp. 7, 29. 
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the difference would be small. The agreement between the two types of experiments 
supports the idea that thixotropic gelation is a slow coagulation. 

Another example mentioned by Freundlich ^ shows how the time of solidification 
of an iron oxide sol changes a hundred-fold upon a change of the pH (potential- 
determining electrolyte) by less than a unit. (See Table 4). 

TABLE 4 


Influence of the pK on theiTime of solidification, 6 , of an iron oxide sol. 


Amount of NaOH or HC! 
added (millimols/litre) 

pH 

H+ cone. 

6 in seconds 

6.3 

NaOH 

3.86 

1.40 X 10-* 

82 

5.4 


3.78 

1.66 

140 

4.5 

Pt 

3.73 

1.88 

200 

3.6 

tP 

3.65 

2.27 

300 

2.7 

tP 

3.56 

2.77 

440 

1.8 

PP 

3.50 

3.16 

750 

0.9 

PP 

3.43 

3.70 

1300 

0.45 

PP 

3.39 

4.08 

about 1600 

0 


3.37 

4.31 

„ 2000 

0.45 HCl 

3.32 

4.76 

„ 3300 

0.9 

PP 

3.26 

5.52 

„ 4800 

1.8 

PP 

3.18 

6.61 

„ 6600 

2.7 

PP 

3.11 

7.71 

„ 9000 


Alcohol, which usually decreases the stability of hydrophobic colloids, also 
promotes thixotropic gelation (Schalek and Szegvari). After evaporation of the 
alcohol the gel returns to the sol state. 

On raising the temperature the time of solidification is shortened as is the time 
of coagulation. The energy of activation of 22,000 cal. calculated form Schalek and 
SZECVARi's experiments would correspond to an energy barrier of about 35 kT, which 
is rather larger than the expected value. 

d. 4. Applications 

There exist several indications that as a tnXc protoplasm has thixotropic properties. 
Chambers h for instance, mentions that it behaves rather like a liquid when stirred 
with the needles of a micromanipulator, but obtains more elastic properties when left 
undisturbed for a certain time. 

Myosin sols are known to form strongly thixotropic gels*, which might indicate 
that thixotropy has a certain significance for muscular action. 

Some kinds of quicksand may be thixotropic in nature, having a solid appearance 
when undisturbed, but losing its resistance when once motion has started. Freundlich 
and Juliusburger ® give an example of quicksand from Knott End, Fleetwood, which 
was distinctly thixotropic due to the admixture of a few percent of very fine clay. 

' R. Chambers, Proc. Soc. Expl. Biol. Med., 19 (1921) 87; See also T. Peterfi, Arch. Entwick- 
lungsmech. Organ., 112 (1927) 689. 

* A. L. VON Muralt and J. T. Edsall,/. Biol. Chem., 89 (1930) 341. 

3 H. Freundlich and F. Juliusburger, Trans. Faraday Soc., 31 (1935) 769. 
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It should, however, not be concluded that all quicksand is thixotropic. In the same 
investigation Freundlich and Juliusburger find two kinds of quicksand which are 
rather dilatant than thixotropic. In § 3 c, p. 354, we have expounded how dilatancy 
might also explain quicksand. Finally it is fairly certain that quicksand and perhaps 
the most fatal kind may be caused by purely hydrographic circumstances * (rising 
water currents). 

A technical application on a large scale is found in the drilling muds used in the 
drilling of oil wells*. They always contain a certain amount of plastic clays responsible 
for its thixotropy (see § 5b. 3, p. 360). 

Paints and printing inks arc usually thixotropic. If the pigment were completely 
stabilized, on standing it would form a very compact sediment, which is not easily 
redispersed. Moreover, after brushing the paint on a vertical surface, it would have a 
tendency to flow off. On the other hand of course, the system should be capable of 
being brushed out and therefore behave like a liquid. Its time of solidification should be 
just long enough to allow the strokes of the brush to be levelled out. A time of solidifi¬ 
cation zero is an undesirable property in a paint (hence the name false body for this 
property). 

A good example of thixotropic gelation is given by a suspension of graphite in a 
mineral oil, * which is non-conducting when fluid, but conducting after gelation, 
proving that, in this case at least, gelation is accompanied by the formation of a 
continuous network of graphite particles in contact with each other. 


e. Rheopexy 

The time of solidification of thixotropic sols with strongly anisodimensional 
particles (V.Oj) may be greatly decreased by gentle systematic motion. Freundlich 
and Juliusburger * who discovered the phenomenon, called it rheopexy (gelling by 
motion). A VjOj-sol, which had been made thixotropic by the addition of some 
HjSO^, set to a gel in about 60 minutes when left undisturbed, but in 15 seconds when 
slowly rolled between the palms of the hands. By this motion the particles were 
oriented in nearly horizontal planes as was indicated by the striations observed. 
Freundlich and Juliusburger concluded that the parallel orientation by the flow was 
a favourable factor in gelling, thus corroborating their idea that the thixotropic state 
was caused by long range forces between parallel particles. 

Lawrence », however, assumes that the motion causes rather a gentle turbulence, 
which favours the coming into mutual contact of the very long particles, which other¬ 
wise will have only a very slow rotatory BfiowNian motion of their own account 

Consequently, rheopexy cannot be used as an argument for the action of long ranee 
forces in these systems. ^ 


* tv Hagkdoopn, DeNanwr, 10 (1890) 69 

New York p. 5lT^' chem.ury. iheorelical and applied, volomc 6. 

i ft' Alexander and P. Johnson, Colloid science, vol. 2, Oxford 1949, n. 611, 

i A c Trans. Faroday Soc., 31 (1935) 920. 

A. S. C. Lawrence, Ann. Pepts. on Progress Chem. Chem, Soc. London. 37 (IO40) j 19. 
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Many gels, especially thixotropic ones with a low content of dispersed matter, 
contract in the long run with liberation of a part of the intermicellar liquid. This 
phenomenon is called syneresis and is easily explained by the fundamental instability 
of gek, at least of the lyophobic type. The system, in gelling, has only formed a 
relatively small number of contact places, and by forming a greater number of contacts, 
which inevitably entails a contraction of the dispersed phase (see Fig. 12), the free 
energy can be lowered. 



Fig. 12. Schematic picture of syneresis. 
The number of rods has remained the same, 
but the number of contacts has been greatly 

increased. 


Syneresis is promoted by all influences which promote coagulation such as 
increasing concentration of particles, of electrolyte, addition of alcohol, increase of 
temperature. 

A striking example of syneresis is given by the CcO,-sol, which can be made to gel 
even in the low concentration of 0.3%, but which then shows syneresis and contracts 
to a fraction of its original volume within a few days or hours *. 


I S. Liepatoff, Kolloid-Z., 41 (1927) 200; 43 (1927) 396; 47 (1929) 21; 48 (1929) 62; 49 (1929) 
321, 441. 


- H. R. Kruyt and Miss J. E. M. van der Made, Rec. trav. chim., 42 (1923) 277. 
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—# sulphur# after Von Weimarn# Raffo 

and Selmi. 59 

—# —# flocculation value. 312 

—, —# mono-dispersed. 38 

—, —, —# scattering by. 100 

—# —# OotN's. 59 

—, —# viscosity. 344# 353 

—# white. 38 

concentration# influence on flocculation 

values. 321 

-effect. 162# 184# 185# 188 

Sol-gel transition. 57 

Solid colloid systems. 10 

Solubility product of AgBr. 9 

Solvation. 4 

Specific effects of flocculating ions. 310 

Spheres# interaction of two when the 
double layer thickness is large....... 259 

—# London attraction between two — . 269 
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Sphere of action. 278 

Spherical double layers# interaction of two 


— particles# interaction. 276 

Sphingomyelin. 330 

Spindles. 327 

Spores of fungi# viscosity. 344 

Spring and dash-pot model. 31 

Stability.3# 54# 80 

—# theoretical considerations. 86 

— explained by potential curves.303 

— of hydrophobic colloids and emulsions 302 

-lyophobic sols in apolar media... 84 

-macromolecular colloids. 4 

— in a thermodynamical sense.303 

— ratio. 286 

Stannic hydroxide# influence of sol con¬ 
centration on flocculation value. 321 

Starch# dilatancy of a suspension in water 355 

Star dialyzer. 69 

Stern correction# influence on the inter¬ 
action . 263 

— layer. 132 

Stoke. 22 

Strain. 29 

Stress# shearing. 21 

Stress-strain curve. 29 

Sugar solutions# diffusion constant. 344 

-# viscosity. 344 

Sulphide sol see sol# sulphide 

Sulphonated coal. 184 

Surface charge# direct determination. 149 

— conductance. 235 

-# influence on streaming potential. 206 

— free energy. 116 

~ roughness# influence on (^potential... 229 

— tension. 116 

Suspensoids. 3# 55 

Swelling. 362 

Syneresis. 368 

System# hydrophilic. 55 

—# hydrophobic. 55 

—# —, electrical properties. 78 

—, lyophobic# mechanical properties.... 85 
—# plastic see plastic systems 
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Tactoids. 45# 326 

Tellurium# depolarization factors. 106 

Temperature# influence upon thixotropy 365 

Tension# surface. 13 

Thermodynamics of colloid solutions ... 11 

Third phase# influence on the rheological 

properties of suspensions. 359 

Thixotropy. 23, 85, 363 

Thyroglobulin. 347 

Time of coagulation. 281 
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Time-of-relaxation effect, influence. 

Time of solidification. 

TiO, suspensions, viscosity. 

Tiseuus apparatus. 

Titania, sedimentation volume. 

Titration curve. 

Tobacco mosaic virus. 

— — —. tactoid formation. 

Total interaction. 

Transition, sol-gel.’" 

Transmission, relative.. 

Transport number.. 

Tungsten oxide particles, electronmicro- 
graph. 

— trioxide, Schiller layers. 

-, tactoid formation. 

Tyndall effect. 7 ^ 90 

— scattering spectra, higher order /... ! 
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232 

364 

344 

216 

356 

239 

347 

326 

271 

57 

35 

213 

77 

328 

326 

91 
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Ultracentrifuge. 76 

Ultrafiltration. 20, 69 

Ultramicrons. 39 

Ultramicroscope. 2, 7, 76 

— slit. 39 

Ultramicroscopic method for determining 

electrophoresis. 218 

Ultramicroscopy. 39 

Ultrasonic vibration, potential differences 222 

Unit, large kinetic. 5 

Uranium fcrrocyanide, influence of sol con¬ 
centration on flocculation value. 322 


Vanadium pentoxidc. I 5 

Vanadium pentoxide, dielectric constant. 243 

-, dispersion. 243 

-, Kerr effect. 115 

-, rheopexy. 367 

-, tactoid formation. 326 

Vanadium pentoxide, thixotropic sol.... 364 

Vanadium-pentoxide sol. 42 

-, electronmicrograph. 77 

-, rheology. 22 

— — —, viscosity. 348 

Van 't Hoff’s Law. 20 

Vapour pressure, influence of drop radius 64 

Variables. 12 

—, negligible. 12 

Varnishes. 84, 332 

Velocity, electro-osmotic. 198 

— gradient, dependence of the double re¬ 
fraction and the orientation angle on the 


Page 

Viscometer, Couette. 25 

—, OSTWALD. 04 

Viscosity.22 

—, dependence on the rate of shear ..! 25 

—, differential. 22 

—, influence of concentration of clay... 361 

—, influence of temperature. 24 

—, intrinsic. 28 

— measurements. 24 

— of sugar solutions. 344 

-AsjSs-sol. 344 ^ 353 

—, relative. 27 

—, specific increase. 27 

and sol concentration. 26 

— of stable sols. 342 

Volta potential. 124 

W 

Water, flocculation action. 358 

Wave, ultrasonic. 61 

White ink.. 355 

WOj, rate of slow flocculation. 320 


X-rays, diffuse scattering. 50 

—, line broadening. 50 

— reflection. 46 

— —, small angle, in tobacco mosaic virus 327 

—, scattering. 46 

—, small angle scattering. 51 

— diffraction. 46 

— —, broadening. 74 

— spectrum, amorphous. 49 


Yeast cells, viscosity. 344 

Yield stress, influence of concentration of 

clay. 361 

— value.. 22 


Visco'clastic behaviour. 

— — of flocculated systems 
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31 

356 


Zeolites. 183 

Zero points of C and y> for silver halides. 231 
“ —/ of f depending upon the degree of 

division.232 

-of charge. 86 

- (SiOt, Al.Oa, TiOa).230 

~ — — determination. 151 

— — — — of Ag... 172 

-Agl.230 

— — -—, change caused by ad¬ 
dition of acetone. 165 

-—, determination. 160 
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Zero points of electro-osmosis and of 


streaming potential of glass.224 

C-potential. 78, 197 

—, critical. 302 

—, influence by surface roughness.229 

— of carbon. 233 

-interface glass-water. 226 
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C-pocential of metals. 233 

-oil. 233 

-organic liquids. 229 

-paraffin. 233 

-platinum. 233 

— — pyrex-glass. 223 

-silver halides. 231 
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